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Microelectromechanical systems (MEMS) are an essential ingredient in many tech-
nological innovations and a source of game-changing inventions in the automotive industry, 
space exploration, consumer electronics and medical applications due to its capability to 
control mechanical effects on a micrometer scale. Especially where accessibility, connectiv-
ity, system size and energy supply are limited, microsystems can be an enabling technology 
for sensing, actuation and data transmission. However, their applicability depends on their 
ability to operate reliably even in extremely hazardous situations such as in space, where the 
devices are exposed to high levels of radiation, large temperature variations and accelera-
tions. Improving the design and increasing the lifetime of devices requires the identification 
and detailed understanding of failure modes.  
This thesis was aimed at deepening the understanding of fabrication-related effects and 
space-relevant environmental hazards on the mechanical properties of MEMS on the mate-
rial and the systems level. Although countless microsystems have been developed in recent 
years, several vital questions related to the reliability of MEMS systems and MEMS mate-
rials remain open to date. Two topics which merit special attention were at the center of this 
study: First, the influence of packaging on the functioning and the reliability of microsystems 
and second, the reliability of microsystems and their materials under the harsh environmental 
conditions imposed by space applications. Out of this area of interest the following questions 
were studied: 
Strain analysis in MEMS package by HRXRD: Packaging offers protection to the mi-
crosystem and aids to maintain a stable environment. However, it also influences the strain 
distribution in the system, and the energy losses in resonant structures due to air being 
squeezed in thin gaps between the resonator and the package. The distribution of residual 
stresses and bonding stresses in a MEMS wafer-level package was analyzed by high-resolu-
tion x-ray diffraction (HRXRD) and the possibility of nondestructive investigation of the 
strain distribution in sub-surface structures was demonstrated. 
Air damping in MEMS packages: An improved framework for the analysis of air-damping 
in microresonators and their packages has been presented. Understanding the pressure sen-
sitivity allows determining the admissible pressure levels in resonator packages, above 
which the performance is deteriorated by losses through air-damping. In addition, monitor-
ing the resonance frequency and quality factor variations over time can be used to determine 
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the hermeticity and leak rates in very small packages where the traditional helium leak test 
method fails because the relevant leak rates are below its sensitivity. 
Reliability of MEMS under space-relevant environmental hazards: The performance of 
resonant microstructures is directly linked to the Young’s modulus of the utilized material 
and therefore they are very sensitive to variations thereof. The susceptibility of microfabri-
cated structural materials (SU-8 and silicon) to proton irradiation was investigated. In order 
to isolate the influence of radiation on the materials themselves, single material resonators 
with contactless actuation and readout were tested. The experimental results showed that 
single crystal silicon and SU-8 were tolerant to high doses of proton radiation and are hence 
very well suited for MEMS in space applications in this regard. In addition, the impact of 
proton and gamma-irradiation on piezoelectrically activated silicon tuning fork resonators 
was investigated. A very good radiation tolerance was observed, with no significant degra-
dation at total ionizing doses of up to 170 krad. Mechanical tests were carried out to assess 
the susceptibility to shocks and vibrations encountered during space missions. The devices 
were found to be fully immune to such hazards. 
By investigating space-relevant environmental hazards and their effects on MEMS devices 
this thesis aimed at contributing to the continued efforts by the scientific community to foster 
microsystems for space applications.  
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Les microsystèmes (MEMS) sont un ingrédient clé dans l’innovation technologique 
et la source d’inventions novatrices dans les industries automobiles, pour l’exploration spa-
tiale, l’électronique de loisir et dans les technologies médicales. Cela est dû à leur capacité 
de rendre contrôlable des effets mécaniques à l’échelle micrométrique. Les microsystèmes 
présentent une alternative efficace pour la détection, l’actionnement et la transmission de 
données, particulièrement là ou l’accessibilité, la connectivité, la taille du système ainsi que 
l’apport d’énergie sont limités. Cependant, l’utilisation des microsystèmes exige un fonc-
tionnement fiable dans des environnements sévères comme dans l’espace où ils sont exposés 
à des niveaux élevés de rayonnement et à de grandes variations de température et d’accélé-
ration. L’amélioration de la conception, de la fabrication et du fonctionnement des micro-
systèmes ne peut se faire que si les modes de défaillance ont été identifiés et une compré-
hension détaillé du système a été établie. 
Cette étude vise à approfondir notre compréhension des effets liés à la fabrication et aux 
risques environnementaux sur les propriétés mécaniques des matériaux utilisés dans les mi-
crosystèmes. Bien qu’un grand nombre de microsystèmes aient été développés à ce jour, 
d’importantes questions demeurent sans réponse quant à la fiabilité des MEMS et des maté-
riaux utilisés. Les deux sujets suivant méritent une attention particulière et ont été placés au 
centre de ce travail : Premièrement, l’influence de l’encapsulation sur le fonctionnement et 
la fiabilité des microsystèmes et deuxièmement, la fiabilité des microsystèmes et de leurs 
matériaux dans les conditions extrêmes de l’espace. Dans ces domaines d’intérêt, les ques-
tions suivantes ont été examinées en détail : 
L’analyse des contraintes dans l’encapsulation des MEMS par HRXRD : L’encapsula-
tion est un moyen de protéger les microsystèmes et de maintenir un environnement stable. 
Mais cela influence aussi la distribution des contraintes dans le système ainsi que la perte 
d’énergie dans les structures résonantes en raison de l’air coincé dans l’espace entre le réso-
nateur et les structures voisines. La distribution des contraintes résiduelles ainsi que celles 
induites par l’encapsulation ont été examinées par la diffraction des rayons X à haute réso-
lution (HRXRD). La possibilité d’analyse non destructive de contrainte sous la surface et 
dans des structures encapsulées a été discutée.  
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L’amortissement par une couche mince de fluide comprimé dans l’encapsulage des 
MEMS : Un cadre amélioré d’analyse de l’amortissement par l’air dans des microrésona-
teurs et leur encapsulage est présenté. La compréhension de la sensibilité à la pression permet 
de déterminer le niveau de pression admissible au-dessus duquel la performance d’un sys-
tème est sensiblement diminuée dû à l’amortissement par l’air. Cela permet également la 
conception de résonateurs pour lesquels les variations de la fréquence de résonance et du 
facteur de qualité sont indicatives du taux de fuite. Cela est d’un grand intérêt pour la déter-
mination du taux de fuite dans des cavités très petites.  
La fiabilité des MEMS dans les conditions spatiales: La performance des microstructures 
résonnantes est directement liée au module de Young des matériaux utilisés et, de ce fait, les 
MEMS sont très sensibles aux variations de cette propriété mécanique. La susceptibilité de 
deux matériaux utilisés dans la structure des microsystèmes, le silicium et le SU-8, aux dom-
mages causés par le rayonnement protonique a été étudiée. Afin d’isoler les effets du rayon-
nement, des résonateurs faits d’un seul matériau avec des modes d’actionnement et de ca-
ractérisation sans contact ont été utilisés. Les résultats obtenus indiquent que le silicium mo-
nocristallin et le SU-8 supportent des doses élevés de rayonnement protonique et sont donc 
bien adaptés à des applications spatiales à cet égard. L’impact des protons et des rayons 
gamma sur le fonctionnement de résonateurs en silicium activés par une couche mince pié-
zoélectrique a également été analysé. Une haute tolérance à l’irradiation sans dégradation de 
performance jusqu’à 170 krad a été observée. Des essais mécaniques simulant les chocs et 
les vibrations pendant une mission spatiale ont aussi été effectués. Aucun dispositif défec-
tueux n’a été trouvé à l’issue de ces tests. 
Par l’investigation de l’impact des conditions environnementales spatiales sur le fonction-
nement et la fiabilité des microsystèmes, cette thèse vise à supporter les efforts continus de 
la communauté scientifique à favoriser les systèmes micro-électro-mécaniques dans le do-
maine des applications spatiales.  
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Mikroelektromechanische Systeme (MEMS) sind eine Quelle sowohl kontinuierli-
cher Innovation als auch bahnbrechender Fortschritte in einer Vielzahl von Bereichen von 
der Automobilindustrie und der Raumfahrtstechnologie über die Unterhaltungselektronik bis 
hin zur Medizintechnologie. Der Schlüssel zu diesem Innovationspotential liegt in der Mög-
lichkeit, mechanische Effekte auf der Mikrometerskala zu kontrollieren und nutzbar zu ma-
chen. In Anwendungen in denen die Energieversorgung, die Raumverhältnisse und die Zu-
gänglichkeit eingeschränkt sind, sind Mikrosysteme oft die einzige Möglichkeit, Sensorik 
und Steuerungselemente an zentralen Stellen einzubauen, und die Energie- und Datenver-
bindung sicherzustellen. Der Einsatz von MEMS verlangt jedoch eine verlässliche und kor-
rekte Funktionsweise des Systems. Dies gilt in besonderem Mass für anspruchsvolle Umge-
bungen wie dem Weltall, wo Mikrosysteme beispielsweise hohen Strahlenbelastungen und 
Temperaturschwankungen ausgesetzt sind und wo eine Reparatur praktisch unmöglich ist. 
Die Gewährleistung und Verbesserung der Zuverlässigkeit von MEMS bedingt eine genaue 
Kenntnis der Fehlerart und –folgen.  
Ziel dieser Arbeit war es, ein vertieftes Verständnis von prozess- und umweltbedingten Ein-
flüssen auf die mechanischen Eigenschaften von Mikrosytemen auf der Material- und Sys-
temebene zu erreichen. Obschon bereits eine Vielzahl von Mikrosystemen entwickelt wurde, 
sind wichtige Fragen bezüglich der Zuverlässigkeit bis heute unbeantwortet geblieben. Zwei 
Themenbereiche die besondere Aufmerksamkeit verdienen, standen im Zentrum dieser Ar-
beit: Erstens der Einfluss der Verpackung auf die Zuverlässigkeit und die Funktionsfähigkeit 
von Mikrosystemen, und zweitens die Beständigkeit von MEMS und den eingesetzten Ma-
terialien im rauen Umfeld, dem Mikrosysteme in Raumfahrtsmissionen ausgesetzt sind. Aus 
diesem Themenbereich wurden folgende Fragen detailliert untersucht: 
Analyse der Spannungs- und Dehnungsverteilung in Mikrosystemverkapselungen: Die 
Verpackung bietet einen Schutz und sorgt für eine stabile Umgebung. Gleichzeitig wird je-
doch durch die Verpackung auch die Spannungs- und Dehnungsverteilung des Systems be-
einflusst, was zu einem veränderten Alterungsprozess und zu zusätzlicher Dämpfung von 
Schwingelementen führen kann. Die Eigenspannungen in einer Verpackung auf der Wafer-
Ebene wurden durch hochauflösende Röntgendiffraktion (HRXRD) analysiert. Dazu wurde 
die Möglichkeit einer zerstörungsfreien Untersuchung der Dehnungsverteilung in Strukturen 
unter der Probenoberfläche demonstriert.  
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Luftdämpfung in Mikrosystemverkapselungen: Ein erweiterter Ansatz für die Analyse 
von Luftdämpfung in Mikrosystemen und deren Verkapselung wurde vorgestellt. Das Ver-
ständnis dieser Dämpfungsprozesse bildet die Basis für die Bestimmung des zulässigen Luft-
drucks im Innern der Verpackung, dessen Überschreitung einen messbaren Einfluss auf die 
Leistung des Systems hat. Zusätzlich dazu erlaubt dies die Entwicklung von Resonatoren, 
deren Resonanzfrequenz und Dämpfungskoeffizient einen Rückschluss auf die Leckrate ei-
ner Verkapselung ermöglichen.  
Zuverlässigkeit von Mikrosystemen für Raumfahrtsmissionen: Die Eigenschaften von 
resonanten Mikrosystemen ist von der Elastizität der eingesetzten Materialien abhängig, und 
daher auch sehr empfindlich gegenüber deren Veränderung. Die Beständigkeit von zwei 
Strukturmaterialien, Silizium und SU-8, unter Protonenbestrahlung wurde untersucht. Um 
die Effekte auf die Materialien selbst isolieren zu können, wurden aus einem einzigen Ma-
terial bestehende Resonatoren hergestellt und mittels kontaktloser Methoden angeregt und 
charakterisiert. Die Resultate dieser Experimente bestätigten, dass die beiden Materialien 
äusserst tolerant gegenüber intensiver Bestrahlung mit Protonen sind und daher gut für 
Raumfahrtsapplikationen geeignet sind. Des Weiteren wurde der Einfluss von Protonen-
strahlen und Gammastrahlen auf piezoelektrisch aktivierte Siliziumresonatoren getestet. 
Eine sehr gute Funktionstüchtigkeit des Systems unter Strahlenbelastungen, ohne signifi-
kante Schäden bei Strahlungsdosen von bis zu 170 krad, wurde nachgewiesen. Zusätzlich 
dazu wurde die Zuverlässigkeit der Resonatoren unter mechanischen Schocks und Vibratio-
nen, wie sie beim Start einer Rakete auftreten, überprüft und nachgewiesen. 
Durch die Untersuchung der Zuverlässigkeit von Mikrosystemen und Mikrosystemmateria-
lien unter den äusserst anspruchsvollen Bedingungen im Weltall, versucht diese Arbeit einen 
Beitrag zu der Förderung von Mikrosystemen in Raumfahrtsapplikationen zu leisten und das 
Potential dieser Technologie auszuschöpfen.  
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Introduction 
Microelectromechanical systems (MEMS) offer the possibility to gain control over 
mechanical effects on a micrometer scale. Co-integrating micromechanisms with optical, 
chemical, magnetic and electronic elements allows building complex systems which enable 
dramatic reduction of mass, size and power consumption and give access to new ranges of 
physical effects unattainable by macrosystems. As a result, MEMS technology is an essential 
ingredient in many technological innovations and a source of game-changing inventions in 
automotive industry, space exploration, consumer electronics, and medical applications. 
Based on basic structural elements such as beams, membranes and hinges, made from ma-
terials as diverse as semiconductors, metals, ceramics and polymers, and integrated with 
sensing elements and actuators based on electrical, thermal, chemical and optical effects, a 
huge range of highly complex devices can be fabricated. In addition to the miniaturization, 
microfabrication processes enable highly parallel batch processing, excellent uniformity and 
low unit costs.  
Yet to bring a product to market-readiness is very challenging. Although MEMS devices are 
commonly based on high-quality and very stable materials such as single-crystal silicon, the 
system complexity and the high number of required process steps in device fabrication pose 
a great challenge to the long-term reliability, as many of the involved processes introduce 
defects and strains [1]. For instance, residual stresses may be caused by a mismatch of the 
crystal lattice parameters or the thermal expansion between adjacent materials. Exposure to 
plasmas and etching agents influences the surface roughness and causes subsurface damage 
by diffusion, particle penetration and radiation damage.  
In addition to the fabrication related defects, the MEMS may be exposed harsh conditions 
during assembly, packaging, integration, transport, storage and operation. Some of the most 
demanding environments in which MEMS are used are the outer space, the deep seas, the 
Earth’s poles and subterranean areas. Where accessibility, connectivity, system size and en-
ergy supply are limited, microsystems can be an enabling technology, yet their applicability 
depends on their ability to operate reliably in these extreme situations. A profound 
knowledge of the possible deficiencies is crucial to mitigating failure modes, increasing fab-
rication yields and ensuring long-term functioning. The variety of possible sources of failure 
and degradation calls for appropriate techniques to identify and analyze underlying causes 
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from the materials level to systems. For this reason, there is a need for techniques for failure 
mode and effects analysis which are adopted to the advancing fabrication technologies and 
new application domains.  
In microsystems the mechanical properties of the utilized materials are often of special im-
portance: For instance, resonant structures are used in a broad range of MEMS such as ac-
celerometers, gyroscopes, time-keeping oscillators and resonant-mode filters. Their perfor-
mance is directly linked to the Young’s modulus and Poisson’s ratio of the resonant element 
and therefore they are also very sensitive to variations in these parameters. Furthermore, 
structures under mechanical load or residual stresses may undergo sudden performance 
shifts, drift and even catastrophic failure due to creep, fatigue or fracture.  
The mechanical properties which are of highest interest are [2]-[5] 
- the Young’s modulus,  
- the Poisson’s ratio,  
- the yield and fracture strengths,  
- Residual stresses and strain gradients 
as well as energy dissipation such as friction and damping (Figure 1.1). 
This thesis was aimed at deepening the understanding of fabrication-related effects and 
space-relevant environmental hazards on these properties on the material and the systems 
level. A combination of environmental and mechanical testing, model simulations and ma-
terial and device characterization techniques was used to approach this task. These three sets 
of tools and methods present a holistic view of the reliability and failure of MEMS devices 
 
Figure 1.1: A selection of mechanical properties of MEMS materials. These properties may be influenced 
by fabrication processes and environmental hazards. 
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and thereby support the advancement of reliability (Figure 1.2). In this thesis the focus was 
placed onto a selection of as yet little-studied or unexplored space-relevant effects in micro-
resonators, namely in piezoelectrically activated silicon resonators and in single-material 
resonators made from silicon and SU-8.  
Besides the mentioned ubiquity of resonating structures the choice of microresonators is 
motivated by the fact that the highest requirements on the stability of the mechanical prop-
erties of MEMS materials and systems are imposed by frequency referencing and time-keep-
ing applications. In turn, resonators are excellent systems to investigate variations of the 
mechanical properties of materials. Silicon resonators are the most advanced technology for 
MEMS resonators, and are competing with quartz in the time-keeping and frequency refer-
encing markets. In contrast to electronic resonators, which can be easily integrated into 
CMOS fabrication processes but lack from lower stability and precision, mechanical reso-
nators generally offer high frequency stability and low noise but at the cost of more complex 
system integration. Microfabricated resonators offer the possibility of low fabrication toler-
ances paired with parallelized fabrication and packaging which result in low unit costs [6]. 
The main factors limiting the frequency stability of mechanical oscillators (i.e. a resonator 
and the sustaining circuit) are short-term instabilities, temperature variations, stress relief, 
aging, mechanical accelerations and radiation damage [7], [8]. Most of these effects, such as 
instabilities in the circuitry, mechanical shocks and vibrations can be minimized or compen-
sated. However, when operating under harsh conditions such as at elevated temperatures or 
pressures, high radiation exposure levels or in corrosive environments, not all environmental 
effects can be sufficiently reduced and hence their effects on the performance of the devices 
must be evaluated. The efforts made in this thesis to evaluate the susceptibility and resistance 
to such environmental hazards in MEMS systems and materials are outlined in the next sec-
tion. 
 
Figure 1.2: Testing, simulations and structural analysis contribute to advancing and improving reliability. 
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1.1 Thesis outline and contributions 
This thesis is structured as follows. In Chapter 2 an overview over the environmen-
tal hazards encountered in space missions is given, together with the known degradation 
effects such conditions have on microresonators and the mechanical properties of structural 
materials, in particular silicon and quartz. Chapter 2 also covers the techniques to investigate 
the variations of Young’s modulus, the yield strength and residual stresses in microfabricated 
specimens. 
The reliability investigations made on piezoelectrically activated microresonators are re-
ported on starting in Chapter 3. The investigated device was a silicon tuning fork resonator 
activated by a thin film of aluminum nitride. The design and fabrication of the devices was 
done in the Microsystems Technology Division of CSEM and was not part of this thesis. 
Chapter 3 describes the stress investigation of the eutectic bonding interface using high-
resolution x-ray diffraction (HRXRD). Stresses and stress relaxation are an important con-
tributing mechanism for aging in microresonators and hence methods for non-destructive 
analysis thereof are highly beneficial to the process optimization, quality control and failure 
analysis. Even though the bonding interface lies tens of micrometers below the device sur-
face it is possible to get a detailed picture of the stress distribution and the influence of the 
packaging thereon. In addition, the comparison of the experimental results with simulated 
diffraction patterns based on finite element analyses is discussed. 
Chapter 4 treats the influence of air damping on the performance of the piezoelectrically 
activated tuning fork resonators. Due to the sensitivity to air damping, resonators can be used 
to determine the hermeticity of MEMS packages. The dependency of the quality factor and 
resonance frequency on the ambient air pressure was experimentally determined and was 
compared to theoretical models which were refined and adapted to the specific geometry of 
the system. 
Chapter 5 covers the experimental investigations made on the effect of radiation damage on 
the mechanical properties of two commonly used materials, single crystal silicon and SU-8. 
Single-material cantilevers with contactless actuation and readout were used to investigate 
the radiation tolerance of the two materials, which allows isolating the effect of radiation on 
the materials themselves. Geometries, fabrication processes and operation modes typical for 
microsystems were utilized. This allows for transferability of these results to other types of 
MEMS devices. 
Going over from the materials level to the system level, Chapter 6 reports on the suscepti-
bility of the piezoelectrically activated silicon tuning fork resonators to radiation damage as 
well as space-relevant mechanical loads.  
Chapter 7 summarizes the achievements made in this work and gives an outlook on topics 
of interest for future investigations. 
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In appendix A the work made on the assessment of the yield strength of single crystal silicon 
and the progress made on non-linear three-point bending and four-point bending tests 




   
Space-Relevant Environmental Hazards and 
Methods to Monitor the Elasticity and Resid-
ual Stresses in MEMS Materials 
The aim of this chapter is first to give the reader an overview over the methods used 
to investigate the variations of the Young’s modulus, residual stresses and the yield strength 
in MEMS materials. The second goal of this chapter is to discuss the main environmental 
challenges which may adversely affect MEMS in space. Space technology is a very promis-
ing domain for microsystems because MEMS are an enabling technology for miniaturization 
in space exploration, offering the possibility to significantly reduce the weight, size, power 
consumption, thermal management complexity, and hence the cost of space exploration, 
business and commerce. On the other hand, the requirements on the reliability in space ap-
plications are also extremely demanding as a result of the harsh environmental conditions.  
The chapter is structured as follows. Methods for analyzing the variations of the elasticity of 
MEMS materials and their yield strength are discussed in sections 2.1 and 2.2. Residual 
stresses, the use of HRXRD for the nondestructive analysis of strains in microsystems and 
the role of finite element analysis therein are presented in sections 2.3 to 2.5. Then the most 
relevant environmental hazards for MEMS in space are discussed. These are ionizing and 
non-ionizing radiation (section 2.6), thermal effects (section 2.7) and mechanical vibrations 
and shocks (section 2.8). In addition, the need for hermetic packaging of MEMS and the 
difficulty in assessing leak rates in small MEMS packages is discussed in section 2.9. The 
degradation effects caused in quartz and silicon resonators by the different environmental 
hazards are summarized at the end of the respective sections. The aim is to place this work 
into context, to outline the obstacles overcome by established technology and state-of-the-
art microsystems, and to try to anticipate the nature of the challenges for future MEMS tech-
nologies based on resonant structures entering into these markets.  
A part of this chapter is published in T. Bandi, H. R. Shea and A. Neels, Proc. SPIE, 2014, 
pp. 9113-10 (© 2014 Society of Photo Optical Instrumentation Engineers). 
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2.1 Young’s modulus 
When investigating the effect of environmental hazards and aging on the mechani-
cal properties of materials, a choice has to be made on which experimental technique to use. 
The selection should be based on the consideration of whether the method gives the most 
precise results on the variation of the material property, in addition to its absolute value. For 
instance, consider the precision by which a change of the elasticity of a material can be 
determined; Typical test methods to investigate the elasticity are tensile tests, beam bending 
tests, nanoindentation and resonant tests using beams, plates or films [2]. Table 2.1 shows 
the formulations of the Young’s modulus for these test methods together with estimates of 
the precision by which a variation of it can be measured. It is assumed that no other param-
eters such as the temperature, pressure or humidity influence the measurement and that the 
dimensions of the specimens remain unchanged. Clearly the resonance frequency measure-
ment offers the highest precision and hence is the method of choice to investigate small 
changes of the materials elasticity in microfabricated structures.  







Tf   (2.1) 
where T is the resonator thickness, L is its length, E is the Young’s modulus and ρ is the 
density. The measurement of resonance frequency variations of micro-resonators allows 
monitoring variations of the elasticity induced by environmental hazards on the ppm-level 
or even ppb-level as EEff /*2/1/  . The sensitivity is (only) limited by the precision 
and accuracy of the frequency measurement and by the degree to which unwanted environ-
mental effects which also influence the resonance frequency can be eliminated. Similar con-
siderations can be made for other mechanical parameters and show for instance that resonant 
structures oscillating in torsional modes are suited to investigate small variations of Pois-
son’s ratio [9], [10]. Obviously, the results in Table 2.1 reflect the sensitivity of resonant 
MEMS-structures to variations of the elasticity mentioned in the introduction of this work. 
The use of resonant structures to investigate the effect of radiation on the elasticity of single-
crystal silicon, SU-8 and a piezoelectrically activated microresonator will be discussed in 
Chapter 5 and Chapter 6. 
2.2 Yield strength  
The quality of the crystal in a finished MEMS device is influenced by the fabrica-
tion and packaging processes, many of which introduce defects that deteriorate the mechan-
ical stability of the material and act as stress concentrators. Due to the brittle nature of silicon 
these defects can lead to catastrophic failure during assembly, packaging and operation.  
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Exposure to plasmas and etching agents influences the surface roughness and causes subsur-
face damage by diffusion, particle penetration and radiation damage. For instance, deep re-
active ion etching (DRIE) is an iterative process in which isotropic etching is alternated with 
a passivation of the sidewalls, giving rise to near-vertical but scalloped and rough trenches 
in the silicon by means of which the structures to be fabricated are defined [17]. The resulting 
                                                                
 
1 The formulas are given for evaluating the Young’s modulus of rectangular beams, except for the nano-in-
dentation. 
2 The total differential is formulated neglecting the error in the dimensions of the specimens. This is justified 
by the fact that here the focus lies on the changes of the elasticity during aging, where the dimensions are 
considered to remain constant.  
3 The values are order-of-magnitude estimates based on typical measurement precisions, e.g. that forces in 
the single-Newton range can be measured with a precision of 0.1-1% [2]. Measurement scattering and uncon-
trollable parameter variations (e.g. temperature, pressure or humidity) further lower the precisions experi-
mentally achievable.  
Table 2.1: Comparison of test methods to evaluate the Young’s modulus1.  
Test Formulation for 
Young’s modulus 
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defects and surface structure directly affect the yield strength. An excellent review of the 
yield strength of brittle MEMS materials was presented in ref. [18]. The yield strength of 
single crystal silicon was shown to depend heavily on the size of the specimens and ranged 
from 17.4 GPa in 200 nm thick beams to 0.5 GPa in 0.5 mm thick specimens [19]. The yield 
strength depended on the defect density and the total number of defects subjected to me-
chanical strain. No significant difference in the yield strength was observed between room 
temperature and 300°C in silicon micro- and nano-beams subjected to bending and tensile 
tests [20]. At elevated temperatures near 600°C the mechanical behavior of silicon goes over 
from brittle to ductile [21]. A strong suppression of the brittle-to-ductile transition tempera-
ture was reported in nanometer sized specimens, where ductile deformations were observed 
at room temperature in tension [22] and compression [23]. Also die separation methods such 
as mechanical blade dicing and laser dicing induce characteristic damage near the cutting 
lines. Grinding and polishing processes used for wafer thinning leave scratches and marks 
on the backside of the wafer. More specifically, blade dicing induces chipping and cracking 
near the cutting line and laser dicing can lead to cracks and zones with high defect densities 
in the vicinity of the cut surface [24].  
Because it is prohibitively complex and time-consuming to test all possible geometries used 
in MEMS devices it is preferable to use test specimens (e.g. straight beams) to predict the 
failure distribution of structures with arbitrary shapes [25]-[28]. Moreover, this allows 
benchmarking new technologies and processes against existing fabrication methods. Never-
theless, the mechanical test setup should allow reproducing the strain conditions and device 
properties of the use case as close as possible due to the following reasons. First, the distri-
bution of damage varies with the depth of the processed structure. Examples are two-step 
blade dicing [24] and the variation of the damage with increasing depth of plasma etch-
ing [17], which influences the overall strength of structures. Secondly, both cracks initiated 
at the strained surface and at the strained edges contribute to the failure distribution of silicon 
dies [29]. For instance, surface and edge flaws were observed to be the main source of chip 
fracture in flip chip assemblies due to stresses built up by soldering and thermal cy-
cling [30], [31]. Therefore it is important to reproduce the thickness and the loaded-surface-
to-edge ratio (i.e. the width of the sample when the thickness is given) as well as the strain 
directionality as close as possible when simulating stresses occurring in real devices by me-
chanical testing.  
For testing the effect of grinding and polishing, rotationally symmetric bending tests such as 
the ball-ring test or the ring-ring tests are most suitable [33]. The edges are not loaded in 
these test geometries and hence they are sensitive to surface damages only. Specialized test 
geometries such as the twist-bending test or the ball-on-edge test are sensitive to (wafer) 
edge flaws but the distribution of the stress along the edges is very sensitive to the position 
of the supports and the stress level itself [32]. Miniaturization of the test setup therefore is 
challenging. The n-point bending tests (n equals to 2, 3 or 4) allow testing for edge and 
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surface flaws simultaneously. For detailed reviews on different test setups for evaluating the 
mechanical reliability of wafers and chips it is referred to [32]-[35] and references therein. 
Recently an instrument for displacement controlled two-point bending which allows testing 
specimens with dimensions similar to typical microfabricated silicon structures has been 
presented [11]. The specimen was a long, slender beam with a cross-section of 50x50 μm2 
and a length of 5 cm. During the test it was bent in a U-shape and kept between two parallel 
chucks by its own elasticity. The maximum stress occurred at the apex of the non-linearly 
bent beam while at the contact points the beam was almost straight and hence strain-free. An 
advantage of this test geometry is therefore that the contact points of the chucks are far away 
from the areas with maximum stress which prevents fracture due to additional clamping and 
contact stresses. During the test the two chucks were approached continuously and the elastic 
force exerted by the specimen on the chucks was monitored until fracture occurred. Using 
this setup the effect of post-DRIE treatments on the yield strength of silicon whiskers with 
a cross-section of 50 x 50 μm2 was systematically investigated. Significantly increased me-
chanical stabilities were found for silicon treated by thermal wet oxidation, HNA etching 
and KOH etching and optimum process parameters were determined.  
In the frame of this thesis a further development of this instrument to extend the range of 
testable yield strengths by implementation of 3-point and 4-point bending was made. This 
was required because in the 2-point configuration the specimen was fixed by its own elas-
ticity hence it had to be able to support a certain minimum stress at the beginning of the test. 
For a specimen of 50 μm thickness this was approximately 1 GPa which is beyond the 
strengths achievable by standard wafer dicing processes. Three- and four-point bending test 
methods are well established and are commonly made in the linear regime where the bending 
of the specimens is negligibly small [12], [36], [37]. However, in specimens with small width 
and thickness, which can be below 100 μm, the non-linearity of the bending must be consid-
ered.   
As this work is not directly applicable to the piezoelectrically activated microresonator 
which was at the center of this thesis, the results are discussed in the Appendix A.  
2.3 Residual stresses  
Packaging is essential for MEMS reliability by providing a stable environment and 
protection from contaminations and corrosive agents [38]. Due to the shrinking size of struc-
tures in microsystems the spatial distance between functional features is reduced too, and as 
a result, residual strains in one part of the system may interfere with the surrounding ele-
ments. Packaging may be a source of performance degradation and failure if the bonding 
causes strains radiate to the functional parts of the device. Residual stresses by packaging 
can be induced by mechanical pressure during bonding, by a mismatch of the coefficient of 
thermal expansion of adjoined materials or from shrinkage of polymer encapsul-
ants [38], [39]. 
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The effect of packaging by anodic bonding on the resonance frequency of a MEMS gyro-
scope was investigated by Choa [40]. The resonance frequency of the gyroscope was shifted 
significantly after the bonding process. The problem was mitigated by more efficient me-
chanical decoupling of the resonant structure from the mounting frame, which was achieved 
by using a semi-folded suspension instead of an L-shaped suspension. This significantly 
reduced the bonding-induced effect and improved the stability of the gyroscope in high tem-
perature storage tests.  
Residual strains may not cause instantaneous failure but can cause a gradual degradation and 
premature failure of the device. Loeb and coworkers [41] reported the evaluation of an elec-
trical feed-through into a glass capsule developed for medical implant purposes. When using 
a 90% Pt-10% Ir alloy, hermetic feedthroughs were obtained, which however, failed cata-
strophically in thermal cycling tests, due to the mismatch of the coefficients of thermal ex-
pansion between the glass and the metallic wire. By using tantalum as a feedthrough material 
this cause of failure could be eliminated effectively. 
The effect of adhesives and the substrate on the strain in MEMS were investigated for silicon 
double-clamped microresonators [42] and high-g accelerometers [43]. The output of both 
devices (resonance frequency and resistance of the piezoresistance, respectively) was af-
fected by the strength of the bonding to the substrate. Thicker layers of softer adhesive ma-
terials were more effective in decoupling the thermal expansions of the device and the sub-
strate. In [44] it was shown that stresses in micron-thick metal layers deposited on the epi-
taxially grown silicon encapsulation layer of a double-clamped microresonator directly af-
fected the resonance characteristics and that such systems can also be utilized to study stress-
relaxation in the metallic thin films.  
Stresses can also be induced intentionally to compensate for mismatches of the thermal ex-
pansion coefficients (CTE) and the temperature coefficients of elasticity between materi-
als [45]. Recently a double-clamped silicon resonator with a temperature coefficient of fre-
quency (TCF) of below 1 ppm/°C was demonstrated using this principle [46]. The compen-
sation for the temperature dependent elasticity in silicon was achieved by a careful adjust-
ment of geometrical stress-buffering structures and stresses induced in the silicon due to the 
CTE mismatch with the Pyrex substrate wafer. 
Controlling stress-related effects in MEMS requires theoretical models, simulation tools and 
also analytical tools for experimentally verifying the predictions and for evaluating the per-
formance of real devices. Finite element analysis (FEA) has been extensively used to predict 
the stress distribution in MEMS and microresonators [42], [47], [48]. 
2.4 Analysis of residual stresses by x-ray diffraction 
The variety of possible sources of stress-related failure and degradation calls for 
appropriate techniques to identify and analyze underlying causes from the materials level to 
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systems. X-ray diffraction (XRD) in general and high-resolution x-ray diffraction in partic-
ular, is a nondestructive method which can provide answers to various, and in this context 
most notably stress-related, problems encountered in microsystems engineering.  
X-ray diffraction is the basis of a number of experimental methods to probe the periodic 
structural properties of materials and systems. In crystals, the periodic arrangement of atoms 
in the lattice leads to strong diffraction peaks. However, also multilayer structures and even 
amorphous materials can be investigated by this method, as the radial distribution function 
causes specific variations of the diffracted intensity [49]. For MEMS technology the most 
important application of x-ray diffraction is the analysis of strain in thin films and in silicon 
structures, which may be under mechanical load or which may act as a strain gauge for in-
terfaces and adjacent structures [50], [51]. The availability of laboratory instruments with 
beam-shaping optical elements, monochromators and sensitive detectors enable rapid and 
precise XRD analyses at reasonable costs.  
In comparison to other strain measurement techniques x-ray diffraction offers distinctive 
advantages. As the diffraction is only dependent on the spacing between atomic planes, sin-
gle elements of the strain tensor can be assessed, whereas for instance Raman spectroscopy 
gives a scalar value of the strain [52]. Surface-sensitive methods such as Electron Backscat-
ter Diffraction (EBSD) and Raman spectroscopy are limited to depths of few micrometers 
or less and thus the investigation of buried structures requires destructive sample prepara-
tion [53], [54]. The same applies to Transmission Electron Microscopy (TEM), where high 
spatial resolution can be achieved but for which the sample needs to be thinned to electron 
transparency. The limits of the spatial resolution in HRXRD are influenced by the beam size 
and the x-rays penetration depth, as the whole illuminated volume contributes to the dif-
fracted intensity. On the other hand, the penetration depth of x-rays (on the order of 100 μm 
in semiconductors) allows investigating sub-surfaces structures in a nondestructive way. 
The interference pattern of x-rays scattered on the electrons in a material can be understood 
as a Fourier transform of the electron density [55]. This transformation from the real space 
with lattice parameters (a,b,c) leads to the reciprocal space, which, in the simple case of a 
cubic lattice with edge length a, has the lattice parameters (h,k,l=n2π/a), where n is an inte-
ger. Each point in the reciprocal space corresponds to a diffraction peak. The distance of 
reciprocal space points from the origin is 2π/dhkl for the cubic system, where dhkl is the spac-
ing between the atomic planes with the Miller indices hkl. Bragg’s equation relates dhkl with 
the diffraction angle θ 
  
1)sin(2  nd  (2.2) 
where n is an integer and λ is the x-ray wavelength. The reciprocal space therefore elegantly 
reveals the diffracting properties of crystals. The position, shape and background of the dif-
fraction peaks contain information on the strain distribution, orientation and quality of the 
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crystal [55]. Figure 2.1(left) shows the cubic crystal unit cell of silicon with the (001) planes 
highlighted in green.  
The right graph in Figure 2.1 shows a representation of the reciprocal space. In diffraction 
measurements is probed by recording the intensity of the diffracted x-rays at a given coor-
dinate in reciprocal space. The detector is placed at an angle of 2θ relative to the incident x-
ray beam. The angle at which the x-rays hit the sample is ω. Rocking curves (RC) are meas-
ured by varying the angle of incidence of the x-rays on the sample ω, which corresponds to 
a rotation around the origin of reciprocal space. Radial scans (or ω/2θ-scans) are made by 
changing ω and 2θ simultaneously at a ratio of 1:2 (Figure 2.1, right). Maps of the Reciprocal 
Space (RSM) can be constructed by consecutive ω/2θ-scans with changing offset δω. 
From Bragg’s equation it is apparent that the smallest detectable strain, i.e. the variation in 
the lattice parameter d, depends on the dispersion and divergence of the incident x-rays and 
the spatial resolution of the detector. Rocking curves are measured using beam-shaping op-
tics and an open detector. A secondary monochromator in front of the detector further in-
creases the resolution in reciprocal space and a strain sensitivity of 10-4 can be achieved 
routinely. The secondary monochromator is used for the measurement of RSMs. 
In the context of packaging-related problems RC measurements have been used previously 
to evaluate strain gradients close to bonding interfaces and to correlate the degradation dur-
ing accelerated aging tests with changes in the strain level of MEMS components [56]-[58]. 
HRXRD measurements have also been made to evaluate strain in silicon MEMS caused by 
adhesives [57]-[59]. The warpage of silicon dies embedded in IC packages has been inves-
tigated by x-ray diffraction by mapping the width of the diffraction peaks over the surface 
of the chip, resulting in a qualitative distribution of the warpage in the device [60]. 
 
Figure 2.1: (Left) Unit cell of a silicon crystal with the (001) planes highlighted. 
(Right) Representation of the reciprocal space with the diffraction angles ω (incidence angle of the x-rays 
onto the sample) and 2θ (angle between the incident x-ray beam and the detector). The gray shaded areas are 
experimentally not accessible due to negative incidence or exit angles.  
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2.5 Finite element analysis  
With the combination of finite element analysis and HRXRD, the understanding of 
the strain distribution can be further enhanced. Finite element simulations allow calculating 
the strain distribution throughout device but these theoretical results are based on a number 
of assumptions and estimated variables. Based on the deformation field obtained from the 
FEA, the reciprocal space maps can be calculated using the method developed by A. Schiff-
erle which is described in detail in ref. [11]. The deformation gradient, which describes the 
local deformation at a given point, is first extracted from the FEA model. Then, using an 
Octave or MATLAB® routine, the individual components of the stress tensor and the rota-
tion of the material at each node of the mesh can be evaluated numerically. In this way the 
scattering vector can be determined for each point in the mesh. Reciprocal space maps can 
then be constructed by applying a Gaussian broadening to each scattering vector and sum-
ming up the contributions from every node. Excellent qualitative and quantitative agreement 
between experimental measurements and simulations has been reported for micro-tensile 
tests on silicon specimens [11]. 
Due to the large depth at which the structures investigated in this work were located, absorp-
tion needed to be considered. In this work this was accounted for by considering the photo-
electric absorption. A weight factor w was determined for each node based on the path of 










where li denotes the path length of the x-rays through the i-th layer. The ratio I/I0 is the loss 
of intensity of the x-ray beam due to the photoelectric absorption. 
2.6 Radiation 
After this discussion of the analytical methods, the environmental hazards relevant 
for space applications are discussed. The applicability of microsystems in space depends on 
their ability to operate reliably under the demanding environmental conditions imposed by 
the spacecraft’s trajectory. Radiation induced degradation can cause severe impairment of 
the device performance. The tolerance of MEMS to radiation depends on the operation prin-
ciple, the design and the material selection. In consequence of the multisided MEMS typol-
ogy a wide range of radiation effects and tolerances has been reported and reviewed in [62]. 
The majority of degradation effects are caused by ionizing damage, especially charge trap-
ping in dielectrics, and structural defects induced by non-ionizing energy losses (NIEL).  
Charge trapping in dielectrics has been identified as a major radiation-induced cause of fail-
ure [62]. The accumulation of charges in insulating materials is a common reliability issue 
for many electrostatically operated MEMS that can also be induced by high electric fields. 
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In both cases counteracting the effects of trapped charge is possible by following basic rules 
such as minimizing the volume of dielectrics in critical areas and by designing devices whose 
operation is insensitive to trapped charge [62]. This can significantly improve the reliabil-
ity [63] but cannot eliminate material-specific limitations such as the degradation of the me-
chanical and electrical properties of the materials themselves. Appropriate material selection 
is therefore at the heart of engineering of reliable MEMS and is one of the main factors 
determining the performance and the failure modes of devices. However, fabrication process 
constraints and functionality requirements limit the choices. Possible candidate materials 
need to be evaluated in detail for their ability to perform under harsh environmental condi-
tions. The performance of a material in microsystems may differ significantly from its prop-
erties in the bulk form or in integrated circuits. Consequently, the reliability of a material 
needs to be evaluated considering the system specificities and the qualification procedures 
must be defined accordingly. 
There is no general threshold for the radiation tolerance of MEMS materials, as the radiation-
induced damage will affect different parts of a MEMS device differently. The acceptable 
dose levels depend on the fabrication processes, the functional role of a material and the 
influence it exerts on the performance of the device.  
In the following, relevant radiation conditions for space applications are summarized and 
considerations on the choice of radiation sources for MEMS reliability testing are made.  
To illustrate the possible environments in space, consider a hypothetical flight to Mars. In 
its course the spacecraft is exposed to a variety of radiation conditions. These depend on the 
orbit, the space weather conditions and the solar activity [64], [65]. Near Earth charged par-
ticles trapped by the Earth’s magnetic field dominate the radiation spectrum. In a spacecraft 
 
Figure 2.2: Proton fluxes versus elevation for various energies. From [67] after [65]. (© 2013 IEEE) 
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with a standard shielding thickness of 100-250 mils of aluminum (corresponding 
to 2.5-6.3 mm or, normalized by the material density, 0.7-1.7 g/cm2) the dominating contri-
bution to the absorbed dose comes from protons in the low Earth orbits (LEO) and electrons 
in the geostationary orbits (GEO) [62]. Proton energies lie in the range between 0.1 MeV 
and 400 MeV but the distribution of proton energies depends heavily on the orbit (Figure 
2.2). The maximum energy of electrons is about 5 MeV and 7 MeV in LEO and GEO, re-
spectively [65].  
In the interplanetary regions the particle spectrum is dominated by the solar activity and 
galactic cosmic rays. Protons are the main species of solar flares and account for 90-95% of 
the particles [65]. The remaining portion of particle emission falls to heavier ions (mostly 
alpha-particles). Similarly, galactic cosmic rays are a mostly protons (85%) and alpha- par-
ticles (14%) and heavier ions contribute to less than one percent of the species. The energy 
of the galactic cosmic rays are significantly higher (GeV/nucleon) than for particles origi-
nating from the sun (MeV/nucleon) [68]. Although heavy ions only account for less than one 
percent of galactic cosmic rays their contribution to the total energy loss can be significant 
because the stopping power scales with the square of the nuclear charge (Figure 
2.3) [68], [69]. Due to the high stopping power the heavy ions are an important source of 
single-event effects in electronic devices. However, most MEMS components do not rely on 
thin depletion regions or p-n junctions and hence can be considered to be insensitive to sin-
gle-event effects [62].  
2.6.1 Considerations on the choice of sources for MEMS radiation hardness assessment 
The short overview given above shows that the main contributions to radiation damages are 
made by electrons, protons and electron-induced bremsstrahlung. The composition, flux 
density and energy of the radiation are subject to considerable variations over time and orbit, 
and radiation hardness assessment tests can only approximate the conditions in opera-
tion [65], [68].  
 
Figure 2.3: (Left) Relative abundance of elements in galactic cosmic rays. (Right) Relative abundance * Z2 
which illustrates the effect nuclear mass on the stopping power in materials. The elements are ordered after 
the nuclear charge Z. Data from ref. [68]. 
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Figure 2.4 shows the linear energy transfer (LET) of different radiation types versus the 
particle energy. The LET denotes the ionizing energy deposited per unit length in the track 
of an impinging particle and is normalized by the material density. The energy ranges of the 
protons and electrons in the graph correspond to the energies observed in space [65]. 
A commonly used source of ionizing damage is γ-rays produced by the radioactive decay of 
60Co. The decay to 60Ni occurs under the emission of photons with energies of 1.17 MeV 
and 1.33 MeV. Gamma-radiation induced damage is mainly caused by the Compton Effect 
leading to direct ionization and energy deposition by the secondary electrons. The secondary 
electron energy is in the range of 0.1-1 MeV [70], [71]. In devices where the radiation in-
duced damage is correlated with ionization effects, the 60Co γ-rays are expected to produce 
similar effects as electron irradiation because the spectrum of γ-ray induced secondary elec-
trons closely resembles space-relevant electron spectra [67]. In analogy to this, 10 keV x-
rays are expected to reproduce ionization-mediated degradations caused by ~10 MeV pro-
tons [74]. This hypothesis has been studied in detail in metal-on-silicon (MOS) devices, 
which are mainly affected by charge trapping in thin oxide layers. In ref. [66] and ref. [75] 
the threshold voltage shift of MOS transistors has been evaluated under irradiation with pro-
tons, electrons and 60Co γ-rays at doses of up to 500 krad(SiO2). While the radiation-induced 
change of the threshold voltage differed significantly between 41.4 MeV protons and γ-rays, 
a strong correlation between 10 keV x-rays and protons was found. These observations have 
been attributed to differences in the charge yield and in the electron-hole pair distribu-
tions [66]. The fraction of electron-hole pairs that escape the initial recombination in the first 
fractions of a second depends on the electric field in the material and the distribution of 
 
Figure 2.4: Electronic stopping power of protons, electrons and secondary electrons created by γ-rays and 
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electron-hole pairs. Impinging particles with high stopping powers create a dense population 
of ionization events, whereas for lower stopping powers the mean distance between electron-
hole pairs is larger. Therefore the charge yield is larger for radiation with lower stopping 
power than for radiation with higher stopping power and radiations creating similar distri-
butions of ionization events affect irradiated specimen in a similar way. These experiments 
indicated that degradation effects due to ionization can be regarded as equivalent between 
60Co γ-rays and electrons with space-relevant energies because the two radiation sources 
have similar LET [66], [75]. 
Non-ionizing energy losses cause the displacement of atoms and the creation of vacancies 
and interstitials. These structural defects may be electrically active, influencing the carrier 
mobility and minority carrier lifetime. Displacement damage is predominantly caused by 
heavy ions and protons. The secondary electrons generated by 60Co γ-rays usually carry 
enough energy to displace atoms from their lattice position and create recoils. The displace-
ment damage induced by 60Co radiation has been investigated theoretically on the basis of 
the energy distribution of secondary electrons created by Compton scattering of γ-
rays [70], [71]. However, the NIEL obtained differed significantly between the two studies. 
The displacement damage factor ratio Kp/Kγ between 1 MeV protons and 60Co radiation was 
found to be 2.4 in ref. [70] and 302 in ref. [71], but the reason for this discrepancy was 
unclear to the authors of the latter paper. In spite of this, if gamma-rays and protons are used 
for radiation testing a wide range of displacement damage rates are covered. It is also noted, 
the total displacement damage induced by electrons and γ-rays is orders of magnitude lower 
than proton-induced damages (Figure 2.5). 
Heavy ions are less abundant but are important sources of single-event effects due to their 
large stopping power [68]. However, as mentioned above, the feature sizes of MEMS typi-
cally are on the micron-scale and the operation does not rely on thin depletion regions or p-n 
junctions. Therefore single-event effects are not expected to affect the devices [62] and 
hence heavy ion tests were not conducted.  
A limited number of radiation sources and energies are used in the radiation tests, but the 
total dose absorbed over the device lifecycle has to be reproduced. The total ionizing 
dose (TID) absorbed by a space system shielded by 4 mm of aluminum is on the order of 
1 krad/year in LEO and 10 krad/year in GEO [1]. The total dose level usually requested in 
the qualification testing of generic EEE parts is 100 krad [76]. For comparison, the expected 
ionizing dose of a tracking detector in the Large-Hadron-Collider (LHC) at CERN is 1 Mrad, 
obtained after 1.5 years of operation, which is much higher than most space doses [77].  
2.6.2 Influence of radiation on Young’s modulus of structural MEMS materials 
In this subsection the aging and degradation effects caused by radiation on quartz and state-
of-the-art silicon resonators are summarized to give the reader an overview of the challenges 
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related to radiation damage in micromechanical systems. A note to put the discussed fre-
quency stabilities into context: As mentioned in the introduction, mechanical resonators can 
offer high stability and precision. However, depending on the specific requirements of the 
application, very different grades of precision are available. In quartz, these range from un-
compensated crystals with a frequency precision of ±10 ppm and an aging of about 
1 ppm/year to ultra-stable resonators where frequency stabilities of 0.2 to 1 ppm total over 
20 years in space environments are achieved [78]. 
 Quartz 
Ionizing damage can lead to the motion and modification of impurities and point defects. 
Aluminum impurities are recognized to be the main reason for radiation-sensitivity of 
α-Quartz [7], [79], [80]. The aluminum can take the place of silicon in the crystal lattice and 
due to its lower valence it requires an additional electron to form four bonds with the neigh-
boring oxygen atoms. This may be provided by compensators such as alkali metals (sodium 
or lithium) or hydrogen [81]. Ionizing irradiation causes these defects to be modified, for 
instance converted into more stable Al-OH and Al-hole centers. As a result, the elastic con-
stants are changed, which becomes manifest in a resonance frequency shift of the resonator. 
The magnitude of this effect is dependent on the concentration of the aluminum impurities 
as well as the type of compensators in the crystal. Upon exposure to ionizing radiation the 
frequency shift increases and eventually saturates at a certain dose. The maximum frequency 
shift increases with higher aluminum concentrations in the samples.  
A purification step by electro-diffusion at elevated temperatures can be applied to the quartz 
to remove or replace the alkali metal ions in the crystal [82]. These swept crystals show 
 
Figure 2.5: NIEL for electron, proton and 60Co-radiation versus the particle energy. For 60Co the energy of 
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significantly lower radiation sensitivity. For instance, in ref. [79] several quartz samples with 
0.2 ppm to 70 ppm Al were swept in presence of sodium, lithium and hydrogen and the effect 
on the radiation sensitivity to 60Co gamma-rays was investigated. The measurements were 
made on AT-cut resonators at the upper turnover point (at about 26°C) where the slope of 
the frequency versus temperature is zero. In a sample with 60-70 ppm Al sodium-sweeping 
led to a relative frequency shift of up to 406 ppm and saturation was only reached at 
7.4 Mrad. In a lithium-swept resonator with the same aluminum concentration a frequency 
shift of 3.4 ppm and a saturation dose of 4.7 Mrad were found. In contrast, in hydrogen-
swept quartz with sub-ppm aluminum concentration only 0.3 ppm frequency variation was 
observed at a saturation dose of 1 Mrad. As these high-dose effects saturate, a pre-condition-
ing of the resonators at tens of krad is a possibility to reduce the radiation sensitivity. How-
ever, it has been noted that the short-term stability can be deteriorated by pre-use irradia-
tions [78].  
At low doses of ~0.1 krad the frequency variation is larger but is not correlated to the alu-
minum concentration and generally anneals out within hours to few days. The low dose ef-
fects were attributed to the converse piezoelectric effect in which the radiation-induced 
charge accumulation in the quartz leads to a build-up of a stress field in the resonator [80].  
Displacement damage by neutrons leads to a stiffening of the crystal and hence an increase 
of the resonance frequency. The magnitude of this effect has been stated to 
be 5 x 10-21 cm2/neutron for fluences between 1012 n/cm2 and 1013 n/cm2 [7].  
 Silicon 
In [9] it has been reported that the resonance frequency of silicon micromirrors had changed 
shortly after proton irradiation of 1 MeV and 4.3 MeV protons and 100 Mrad total ionizing 
dose. After three weeks the devices had recovered the resonance frequency prior to irradia-
tion. This observation was explained by the introduction of defects which were mobile at 
room temperature and therefore annealed out after the irradiation.  
Surface-micromachined polysilicon resonator beams irradiated by gamma- and electron ra-
diation have been investigated in [83], [84]. A decrease of the resonance frequency and an 
increase of resistance were observed. The results were attributed to a combination of dis-
placement damage, injection annealing and thermal spike effects.  
The effect of fast neutrons on the electromechanical properties of silicon has been studied 
recently by passive strain gauges and no variations of Young’s modulus were found within 
the experimental uncertainty (which was on the order of 10%) [85], [86]. 
Further efforts are clearly required in order to assess the reliability of single crystal silicon 
as a structural material for microsystems with resonant structures for applications with high 
radiation exposure levels. The experiments which were made on the radiation tolerance of 
silicon and SU-8 single-material resonators as well as piezoelectrically activated MEMS will 
be presented in Chapter 5 and Chapter 6, respectively. 
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2.7 Thermal effects 
During a space mission very harsh thermal conditions can be encountered. After 
fabrication and acceptance of the flight model it is shipped to the Launch site by truck, air-
plane or ship. At the launch site it may have to be stored for several months depending on 
the launch schedule. For instance, the launch of the ESA Rosetta mission was delayed by 
about one year. To protect the spacecraft from the tropical weather (high humidity and sa-
linity due to the proximity to the sea) it was stored under controlled atmosphere in a clean-
room4.  
After the launch the temperature is governed by the ratio at which energy is absorbed and 
emitted by the spacecraft. The sources for heating are mainly the radiation from the sun and 
radiation reflected and re-emitted from celestial bodies. At one astronomic unit (AU) from 
the Sun, which denotes the average distance of Earth from the Sun, the intensity of the radi-
ation is as high as 1.4 kW/m2. In low Earth orbits the albedo and infrared radiation emitted 
by Earth can further increase the intensity by several hundred W/m2, whereas in GEO and 
further away from Earth these contributions are low. Variations in the exposure related to 
the spacecraft’s orbit (distance to Earth and eclipses) add temporal components to the ther-
mal balance. The solar radiation intensity decreases with the inverse square of the distance 
from the sun, and hence varies enormously between different planets in our planetary sys-
tem. In addition, there are large differences between exposed and shadowed areas. For in-
stance, on the surface of the moon the temperature varies between over 100°C 
to -170°C [87]. 
Many failure mechanisms in MEMS are related to the energy available for the formation, 
diffusion and aggregation of defects. The rates at which these processes occur are dependent 
on temperature (e.g. diffusion), humidity (such as for corrosion) and/or thermal cycles (e.g. 
fatigue and delamination at interfaces). Standard models for the influence of these parame-
ters are given in Table 2.2. Increasing the respective parameters during a reliability test can 
be used to accelerate the related failure modes. Typical values for the activation energy lie 
between 0.3 to 1 eV [88]. For space qualification tests the European Cooperation for Space 
Standardization (ECSS) requests a 10°C temperature extension on the minimum and maxi-
mum temperatures encountered in a mission and 8 test cycles [89]. 
2.7.1 Temperature-related effects and aging in resonant microstructures 
Elevated temperatures and temperature variations mostly are reversible but also lasting ef-
fects on the elasticity of materials are possible. 
                                                                
 
4[Online] http://www.esa.int/Our_Activities/Space_Science/Rosetta/Frequently_asked_questions (Accessed 
on 24. May 2014) 
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 Quartz 
Temperature variations near the operation range will influence a resonator due to the tem-
perature dependency of the elastic constants. This can be minimized by a number of different 
strategies, of which the most common ones are temperature compensation and oven control 
(another strategy is the stress-based compensation mentioned above). The temperature coef-
ficient of frequency should be as close to zero as possible in the targeted temperature range. 
For (uncompensated) SC-cut resonators as they are used in oven controlled quartz oscillators 
the frequency variation can be 0.02 ppm/°C in the range of ±25°C [7]. Temperature com-
pensation is achieved by precisely measuring the temperature of the resonator and applying 
a correction to the oscillator output signal. Placing the resonators in a thermally isolated 
oven, ideally at a set-point above the maximum outside temperature, allows achieving high 
temperature stability. In doing so it is possible to keep the temperature of resonators within 
1 mK in space environments in which temperature variations of over 100°C occur [90].  
Hysteresis is a temperature-related effect limiting the stability of temperature compensated 
quartz oscillators (TCXO) to 0.01-1 ppm [7]. When the temperature of the resonator is cy-
cled there is a frequency difference between the heating and the cooling traces. Retrace, 
which is closely linked to hysteresis is a shift of the resonance frequency after switching the 
resonator off and on. Several possible causes for hysteresis and retrace have been identified: 
Mass-transfer due to contaminations can significantly contribute to hysteresis effects but can 
be eliminated by hermetic and contamination-free packaging. Also stress relief in electrodes, 
the mounting structures and the package contribute to the hysteresis. In addition, the motion 
of impurities and lattice defects influence the thermal hysteresis by a modification of the 
elasticity of the quartz. In natural quartz larger hystereses were observed than in swept quartz 
which has much lower defect densities and lower defect mobilities [91], as discussed above. 
Table 2.2: Three models for the prediction of the influence of acceleration factors on the time to failure or 
number of temperature cycles to failure. Adopted from ref. [88]. 
Mechanism 
(Model name) 
Time or number of 
cycles to failure 
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Mass transfer and stress relief were found to dominate the aging behavior of quartz resona-
tors [8].  
The applicability of quartz in high-temperature environments is limited due to the transfor-
mation of the piezoelectric trigonal phase (α-quartz) into the hexagonal β-quartz phase at 
573°C. However, already at lower temperatures the alpha-phase is subject to twinning, 
which degrades its piezoelectric properties and therefore the maximum operation tempera-
ture of quartz is generally limited to 350°C [92]. 
 Silicon 
The main drawback of single crystal silicon as a structural material for resonators is the 
sensitivity to temperature variations which results in frequency shifts of -28 to 30 ppm/K, 
depending on the crystal orientation [93]. Temperature stabilities rivalling these of temper-
ature compensated quartz oscillators have been demonstrated in single crystal silicon reso-
nators using a micro-ovenization and multipoint calibration, which resulted in a stability 
of ±0.05 ppm from -20°C to +80°C [94]. In addition, oscillators with ±0.2 ppm stability 
across the temperature range of -40 to +85°C and system performance characteristics meet-
ing 4G and GPS specifications have been presented [95]. This oscillator also offers very low 
hysteresis of below 0.05 ppm in an 80°C range, which is similar to quartz TCXO resonators. 
However, the temperature compensation used suffers from higher power consumption than 
quartz oscillators. Miniaturization, and the consequential reduction of heat loss, has been 
proposed as a path for achieving low-power oven-controlled silicon oscillators [96].  
In addition, the direct reduction of the TCF of MEMS resonators by material engineering is 
a way to reduce the heat losses and hence the power consumption. A very promising ap-
proach based on heavy doping has resulted in the demonstration of ±0.05 ppm/°C variation 
between 20°C and 100°C in a thermally activated silicon resonator [97]. Recently the first- 
and second-order TCF were measured as a function of the doping level in silicon doped by 
phosphorous, arsenic and boron, and parameters for nulling the first order TCF were ob-
tained [98]. Another method to control silicon’s TCF is to combine the silicon with a material 
that’s TCF is of opposite sign, such as silicon dioxide. As a result, microresonators can be 
designed that have a turnover point at which the frequency versus temperature is zero. Such 
resonators are especially suited for oven-controlled systems as the turnover temperature can 
be adjusted by the geometry of the structure. At the turnover point a frequency stability of 
±0.1 ppm was demonstrated over a period of more than one hour in Si–SiOn resonators [99]. 
There are also indications that the aging of silicon resonators can compete with quartz. In 
electrostatically actuated silicon resonators hermetically sealed by an epitaxial polysilicon 
layer the frequency stability can reach yearly variations on the ppm or even sub-ppm 
level [100], [101]. One main difficulty in measuring the long-term stability of MEMS reso-
nators are the fluctuations in the environmental conditions, especially the temperature. An 
approach to circumvent this problem is to place two resonators close to each other on the 
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same chip. Both devices should be affected in the same way by fluctuations of the ambient 
temperature and it was demonstrated that the variations between two resonators 
were ±10 ppb over one month. Although such a setup cannot detect aging effects which 
affect both resonators in the same way, it gives an indication about the stability accessible 
in silicon resonators [102]. 
 Aluminum nitride  
Aluminum nitride is discussed here because it is a commonly used piezoelectric material for 
actuation of microresonators and is also the material utilized in the piezoelectrically acti-
vated silicon resonators investigated in this work (see Chapter 3 and Chapter 6). 
Early results on aging tests performed on resonators made from stacked AlN and SiOn were 
reported in [103]. After 15 thermal cycles between -50°C and 150°C the frequency drift of 
the resonators was below 15 ppm.  
In [104] reliability studies on AlN-on-SiO2 resonators were made in air and under vacuum 
during over 1200 hours. For the resonators stored in air a slow degradation of the resonance 
frequency of 50 ppm was observed. Higher drift levels were found in the devices stored in 
vacuum. However, ToF-SIMS analyses revealed silicone contaminations on these devices 
which originated from the vacuum system and were held responsible for the drifts. This 
underlines the importance of clean and hermetic packaging. 
In refs. [105] and [106] the reliability of AlN-activated silicon microcantilevers was inves-
tigated. Single crystal silicon of 15 μm thickness and 200-1000 μm length was used as the 
bulk material of the cantilevers. The actuation was achieved using 1 and 1.4 μm thick AlN 
layers and CrNi electrodes. After high temperature storage at 130°C during 192 hours an 
increase of the resonance frequency (approximately 100-300 ppm) and the deflection ampli-
tude was observed. This was attributed to an increase of the Young’s modulus of the AlN 
layer. Operation of the resonators at elevated actuation voltages led to a continuous decrease 
of the resonance frequency, proportional to the applied voltage, and hence the resonance 
amplitude. This was related to cracks generated in the top electrodes due to fatigue. The 
amplitudes were large (up to 20 μm for 800 μm long resonators) and lifetimes of several 
years (~108 cycles) were predicted for sub-micrometer amplitudes. The dielectric constant 
of the AlN was found not to be affected by this accelerated resonant fatigue test. 
Recently, the reliability of resonators which were thermally compensated by SiO2 pillars in 
the silicon bulk and which were actuated by a thin film of piezoelectric AlN was analyzed. 
A shift of several ppm was observed in the first 10 days of accelerated aging at 100°C, but 
thereafter the frequency remained stable within 2-3 ppm (which was within the experimental 
uncertainty) during accelerated aging and also during thermal cycling in a 160°C wide tem-
perature range [107].  
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2.8 Mechanical loads 
Mechanical shocks and vibration may be encountered during assembly, transport 
and operation of MEMS devices. For space applications the most significant events occur 
during take-off and stage-separation of the launcher and during entry into the atmosphere 
and landing of the spacecraft. The required test levels for mechanical shocks are on the order 
of 2000 g and the vibration levels reach up to 40 g, depending on the frequency range and 
the weight of the device [108], [89] (also see Table 2.3). In military applications the me-
chanical shocks of up to 100’000 g are possible [109].  
The failure modes related to such transient or oscillating mechanical accelerations are frac-
ture, stiction and delamination [109]. Delamination and fracture are caused by occurrence of 
stresses which are higher than the fracture toughness of the materials or material interfaces. 
Stiction, short-circuits and micro-welding may occur if the relative displacement of struc-
tures becomes as large as their separation and they come into contact. After ref. [110] three 
main types of shock response can be distinguished:  
- Impulse response: The rise and fall time of the acceleration is shorter than the acous-
tic transit time. The acoustic transit time depends on the speed of sound in the mate-
rial and usually is below 0.1 μs. The pulse duration of external shocks (and also vi-
brations) typically lies between 0.1 ms and 1 ms. As the pulse duration is much longer 
than the time required for internal stress equilibration the dynamical effects are neg-
ligible.  
- Resonant response: If the pulse duration is comparable to the period of oscillation of 
a natural mode, these resonances may be excited and hence significantly higher lev-
els of deflection and stress are provoked.  
- Quasi-static response: If the acoustic transient time and the oscillation periods are 
much smaller than the external acceleration time scale the system follows the accel-
eration as a whole. 
In ref [111] this approach was extended by including experimentally determined geometric 
and dynamical properties of the system to quantitatively determine the amplitude and stress 
at a given acceleration level. In this approach the device under test is modeled by a 1-degree-
of-freedom system that’s mass, damping coefficient and stiffness are evaluated by charac-
terization under controlled actuation. The as-obtained parameters are used to predict the de-
flection at an arbitrary external shock or vibration. The model has been validated through 
tests on devices which were electrostatically actuated by comb-drives, and good agreement 
was found between the predicted and experimentally observed effects. 
In many cases MEMS devices are in the quasi-static regime and therefore are not very sen-
sitive to shock and vibrations. However, even under these circumstances failure can occur 
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due to delamination of the MEMS from its substrate or fracture of the wire-bonds and hence 
shock and vibration testing should be an integral part of a qualification procedure. 
2.9 Hermeticity 
Hermetic packaging is of utmost importance to preserve the MEMS device and the 
electronic circuitry in a controlled environment. Pressure equilibration and moisture pene-
tration can either be caused by molecules migrating through cracks, voids and channels in 
the package or by permeation through the materials [112]. Corrosion leads to various failure 
modes and is accelerated by the presence of moisture and water. It is therefore required to 
keep the moisture content inside a hermetic package below a level where condensation oc-
curs as this significantly enhances corrosion. In addition, moisture increases absorption 
(changing the optical properties of the device) and favors capillary stiction [38]. The ‘dew-
point’ is a parameter combining the temperature, pressure and moisture level which allows 
assessing whether water condensation is relevant. At ambient temperature the moisture con-
tent must not exceed 5000 ppm at 1 bar [113].  
Measuring the hermeticity and leak rate in small packages is very challenging. Due to the 
small volume the leak rates must be extremely small to ensure low (partial and absolute) 
pressure changes over long periods of time. Pressure equilibration can either be driven by 
absolute pressure differences or by a gradient of the partial pressure of one or several com-
ponents of a mixture of gases. To illustrate this, consider a container with a volume V and 
an initial internal pressure pint,0 of 1 mbar. The outside of the container is an infinite-acting 
reservoir at a pressure pout of 1bar. The pressure inside the package slowly equilibrates to the 
outside pressure according to an exponential law that’s time constant is related to the leak 














The left graph of Figure 2.6 shows the influence of the cavity volume at a leak rate 
of 10-12 mbar l s-1. For a cavity with an internal volume of 10-4 l (0.1 cm-3) the internal pres-
sure after 10’000 days (27 years) still is below 30 mbar. In contrast to this, smaller cavities 
of sub-microliter volumes may already reach pressure equilibration after few months or days 
at the same leak rate. The internal pressure inside a cavity of 1 mm3 (1 µl) for various leak 
rates is shown in the right graph of Figure 2.6. This graph illustrates that in order to ensure 
low pressure levels over several years the leak rate must be below 10-12 mbar l s-1.  
The standard Helium fine leak test is not sensitive enough to measure such small leak rates. 
The minimum leak rate accessible with this test is about 10-10 mbar l s-1 [115]. However, 
various alternatives exist or are under development. Each of the possible methods has its 
advantages and drawbacks: 
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- Residual gas analysis is based on opening the package and measuring the escaping 
gases by means of a mass spectrometer. This allows identifying the composition and 
absolute amounts of gas in a cavity at partial pressures of 10-15 bar. A drawback of 
the method is its instrumental complexity and the fact that the test is destruc-
tive [116].  
- The amount and composition of certain gases inside a cavity can also be measured 
by Raman spectroscopy (e.g. detecting N2) or Fourier Transform Infrared Spec-
troscopy (FTIR), for instance detecting NO2 and H2S. Both techniques require opti-
cally transparent encapsulation. For FTIR spectroscopy the minimum leak rate sen-
sitivity is on the order of 10-12 mbar l s-1. Due to the large spot size of the FTIR 
spectrometers which is about 3 mm in diameter the method is not applicable to very 
small cavities [115], [117]. The NO2 required for the FTIR measurement can either 
be introduced by encapsulation under controlled atmosphere or by bombardment of 
the cavities with the gas. Due to the difference in the pressure the gas will eventually 
penetrate into the cavity and lead to a detectable signal.  
- This effect can also be used to build up pressure inside the cavity. If the device is 
capped by a membrane the pressure will cause it to deflect. This membrane deflec-
tion depends on the membrane size, shape, thickness and pressure difference. Alt-
hough being very small (on the order of few nanometers) it may be detected by op-
tical means such as white-light interferometry. The leak rate sensitivity is dependent 
on the geometry of the package but can be on the order of 10-12 mbar l s-1 or even 
lower [117]. Due to the low thickness of the membrane (≤ 100 μm) the encapsulation 
can be difficult and the mechanical stability of the package is limited.  
 
Figure 2.6: Evolution of the pressure inside a cavity as a function of time. The equilibrium pressure is 1 bar 
and the starting pressure inside the cavity is 1 mbar. In the left graph the leak rate is constant 
at 10-12 mbar l s-1 and the volume is varied while in the right graph the volume is constant (1 µl) and the in-










































Leak rate 1E-10 [mbar*l/s]
Leak rate 1E-12 [mbar*l/s]
Leak rate 1E-14 [mbar*l/s]
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- The presence of oxygen due to outgassing or leakage can also be measured by chem-
ical conversion. Oxygen will react with metals to form oxides. In this process the 
optical transmittance of the material and its electrical conductivity will change. The 
leak rate can be determined by quantifying the amount and rate of the reaction [118]. 
Thin copper layers have been used to determine leak rates by measuring the optical 
transmission, and a leak rate sensitivity of 5 x 10-16 mbar l s-1 has been reported [119]. 
The difficulty with this method is related to the reaction rates. Obviously, it is re-
quired to avoid oxidation during the fabrication and packaging process. At the same 
time, the reaction rate after packaging must be higher than the supply of oxygen due 
to leakage and competing reactions. To increase the reaction rate of the oxidation the 
packages need to be heated to between 125°C and 150°C during several days [119]. 
Therefore this method may not be compatible with all types of MEMS.  
A very promising method is the measurement of the quality-factor of encapsulated micro-
resonators, which depends on the amount of air damping [120]-[122]. The detectable leak 
rates are very low ~10−14 mbar l s-1 [115]. Especially in small packages the correlation be-
tween quality factor and pressure is often complicated by the influence of the surrounding 
structures. While experimental calibration is possible, it is very desirable to develop and use 
theoretical models to predict the pressure dependency of the resonator [123]. The analysis 
of the air damping in wafer-level packaged piezoelectrically activated MEMS for leak rate 
measurements is discussed in Chapter 4. 
2.10 Summary 
In this chapter methods for investigating the Young’s modulus and stresses in mi-
crosystems by HRXRD were presented and a selection of space-relevant environmental haz-
ards, some of which were investigated in this thesis, was introduced. This comprised radia-
tion damage, mechanical shocks and vibration, and thermal effects. In addition, the need for 
hermetic packaging of MEMS and the difficulty in assessing leak rates in small MEMS 
packages was briefly discussed. Additional effects which may pose challenges to reliability, 
but which would have exceeded the scope of this study are the storage and operation under 
non-ambient pressures (especially vacuum), the subjection to constant mechanical accelera-
tions and microgravity or a combination thereof. In Table 2.3, an exemplary summary is 
given of the levels of exposure in space applications to the environmental hazards described 
above. 
Together with the environmental hazards, the reported degradation effects in silicon and 
quartz resonators have been discussed. The maturity of the fabrication processes has allowed 
achieving major improvements of silicon resonators in recent years and the available data 
indicates that the reliability may be equivalent and possibly even superior to quartz. Moreo-
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ver, promising results on the reliability of AlN-based resonators have been reported in liter-
ature. In the next chapters the contributions of this thesis to the reliability assessment of 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
Piezoelectrically Activated Silicon Microreso-
nator – Design, Characterization and Residual 
Strain Analysis 
In this chapter the basic principles of MEMS resonators are discussed. Thereafter 
the design and fabrication and the experimental setup for the dynamical characterization of 
the resonators investigated in this work are described. This is followed by the investigation 
on the residual strain analysis and the measurement of the packaging-related strains in the 
encapsulated devices. 
A part of this chapter was published in T. Bandi, A. Dommann and A. Neels, Proc. European 
Microelectronics Packaging Conf. 2013, Grenoble, France, pp. 1-4 and in T. Bandi, J. 
Baborowski, A. Dommann, H. Shea, F. Cardot and A. Neels, Proc. SPIE, 2014, pp. 89750I 
(© 2014 Society of Photo Optical Instrumentation Engineers).  
3.1 Basic concepts of MEMS resonators 
Historically, the appearance of steels with constant elasticity over a wide tempera-
ture range such as Elinvar, has made it possible to fabricate tuning fork resonators with high 
frequency stability in the ppm-range [126], [127]. Nowadays quartz resonators are the state-
of-the-art but competition from silicon-based microfabricated devices is growing due to the 
possibility of highly parallel batch processing, low fabrication tolerances, excellent material 
quality and high reliability as discussed in the last chapter. The most commonly used actua-
tion principles used in MEMS resonators are capacitive, piezoelectric and electrothermal 
actuation [6]. Table 3.1 shows a comparison of various commercially available real time 
clock oscillators. The last two entries are developments made by CSEM and partnering in-
stitutions which are close to commercialization. The table shows that the trend of real time 
clock (RTC) oscillators is going towards low single-digit frequency stability, combined with 
ultra-low power consumption levels of 1 μW and below. In terms of power consumption and 
frequency stability AlN activated silicon resonators, based on the same technology as the 
resonators investigated in this work, are competitive in this segment. 
Chapter 3 Piezo-MEMS Design, Characterization and Residual Strain Analysis 
58 
Micromechanical resonators can be modeled equivalently in the mechanical domain as well 
as in the electrical domain. The equivalent mechanical elements which capture the oscilla-
tory properties of the resonators are a mass m, a spring with the spring constant k and a 
friction element with damping factor γ. In the electrical domain the resonators are described 
by a Butterworth-van-Dyke (BvD) equivalent circuit [130], [131]. A resistance Rs, an in-
ductance Ls and a capacitance Cs are connected in series. In addition, a purely electrical 
capacitance Cp is connected in parallel to these three electrical elements to account for the 
capacitance between the actuation electrodes. The resonance frequency in such a system can 
be expressed as [6]  
                                                                
 
5 [Online] http://www.maximintegrated.com/datasheet/index.mvp/id/6861 (Accessed on 04. Mar. 2014) 
6 [Online] http://www.sitime.com/products/32-khz-oscillators/sit1542#magictabs_2nwuQ_1 (Accessed on 
04. Mar. 2014) 
7 [Online] http://www.4timing.com/specification/wxcp.pdf (Accessed on 04. Mar. 2014) 
8 [Online] http://www.silabs.com/Support%20Documents/TechnicalDocs/Si501-2-3.pdf (Accessed on 
04. Mar. 2014) 
9 [Online] http://www5.epsondevice.com/en/quartz/product/rtc/serial3w/rx4574lc.html (Accessed on 
04. Mar. 2014) 
10 [Online] http://www.microcrystal.com/images/_PDF/3_Crystal_Ceramic-Package/cm8v-t1a.pdf (Accessed 
on 06. Sep. 2014). According to the datasheed tighter frequency tolerances are available on request. 
Table 3.1: Comparison of Real-Time-Clock resonators with an output frequency of 32.768 kHz.  
Manufacturer/Laboratory Material Frequency 
stability 
Size [mm] Power con-
sumption 
Ref. 
Maxim Integrated Not specified ±5 ppm 5.0x4.0x1.5 2 μA  
(2.3-5.5 V) 
5 
SiTime Silicon ±10 ppm 1.5x0.8x0.55 0.75 μA 
(1 V) 
6 
Fortiming Corp Quartz ±3 ppm / 
year 
1.5 mm radius 
9.4 mm length 
1 μW 7 
Silicon Labs Silicon ±10 ppm 2x2.5 mm2 foot-
print 
1.7 mA  
(1.7-3.6 V) 
8 
Epson Quartz ±5 ppm 3.6×2.8×1.2 0.35 μA 
(3 V) 
9 
Microcrystal Quartz ±20 ppm 2.0x1.2x0.60 0.5 μW 
(max.) 
10 
Project Go4Time within 
EC FP7 research pro-
gram (Quartz-resonator) 
Quartz ±2 ppm 1.5x1.1x0.7 (tar-
geted on wafer-
level) 
0.4 μA  
(1.0-3.3 V) 
[128] 
CSEM AlN activated sil-
icon resonator 
±10 ppm 2.75x0.75*0.5 
(resonator) 
2 μA (1 V) [129] 
 

























3.2 Resonator design, fabrication and electrical characterization 
The resonators investigated in this work were tuning fork resonators based on AlN 
activated silicon resonator technology and were designed for pressure sensing in small cav-
ities. The design and fabrication were not part of this thesis. Their mode of operation and 
functional layout were based on resonators presented by CSEM previously [130], [132], 
[133]. The resonators were fabricated on silicon-on-insulator (SOI) wafers and the fork tines 
were structured into the device layer by deep reactive ion etching. They had a length of 
900 μm, a thickness (in the plane of oscillation) of 100 μm and a width of 22 μm. The width 
corresponded to the thickness of the SOI device layer together with the functional layers. A 
piezoelectric AlN layer with metallic top and bottom electrodes was used to drive the reso-
nators. The devices were wafer-level packaged by eutectic bonding using a glass cap wafer 
with through-glass-vias, and the dies were then separated by diamond blade dicing. The left 
graph of Figure 3.1 shows a schematic view of the resonator. The right graph of Figure 3.1 
shows an optical micrograph of a finished device. In the electrically active mode the tines 
oscillated in the plane of the wafer. Tuning fork resonators are commonly operated in the 
anti-resonance mode where the circuit impedance has a minimum. In the following this will 
be referred to simply as the resonance frequency. 
 
Figure 3.1 (Left) Schematic view of the tuning fork resonators (only the SOI device layer is shown). The 
length L of the resonators was 900 μm, the width W (normal to the direction of the oscillation) was 22 μm 
and the thickness D was 100 μm. (Right) Optical image of an encapsulated resonator. The size of the package 
is 1.5 x 2x 1.5 mm3. Design and fabrication by CSEM (Div C) are gratefully acknowledged. 
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The electrical characterization of the devices was made under controlled conditions using a 
measurement test setup as schematically shown in Figure 3.2. The impedance of the resona-
tors was measured by sweeping the excitation frequency across the resonance and recording 
the impedance’s absolute value and phase by a HP4192A impedance analyzer. A LabViewTM 
program on a personal computer was used to control the impedance analyzer. From the im-
pedance curves the four BvD parameters were extracted by non-linear fitting and were then 
used to calculate the resonance frequency and quality factor of the resonators.  
The reliability investigations which are presented in this chapter and in Chapter 6, were made 
in packaged but non-hermetic devices under vacuum conditions (p < 5 x 10-3 mbar), in order 
to exclude the influence of air and to reveal the intrinsic performance of the resonators. The 
pressure sensitivity and leak rate sensitivity will be discussed in Chapter 4. Figure 3.3 shows 
a measurement of the phase and magnitude of the impedance of a tuning fork resonator near 
the operation frequency. The fitted curve of the BvD equivalent circuit is shown in the same 
graph. Good fits were obtained near the anti-resonance where the amplitude of the imped-
ance had a minimum. At the resonance where the two tines moved in phase and the electrical 
impedance was at a maximum, the fitted line deviated from the experiment. This was related 
to parasitic elements in the circuit and the fact that the impedance was close to the specified 
limit of the impedance analyzer. However, as note earlier, the tuning fork resonators are 
commonly operated in the anti-resonance mode where good agreement between the fit and 
the measurements was obtained.  
Throughout the measurements the temperature and pressure of the chamber were monitored. 
The temperature dependency of the resonance frequency was -3.5(±0.5) Hz/K while no tem-
perature dependent variation of the quality factor was observed. A correction was applied to 
the resonance frequency, normalizing it to a reference temperature of 25°C. Neither the res-
onance frequency nor the quality factor was affected by a DC bias (up to ±5 V).  
The measurement repeatability was composed from contributions from the error of the meas-
urement technique, the fitting procedure and the variations of the experimental conditions 
 
Figure 3.2: Schematic view of the measurement test setup. 
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(e.g. humidity, temperature). For the purpose of evaluating the repeatability uncertainty of 
the experiments the impedance characteristics of 34 devices was recorded three times with 
one week time between the measurements. The pooled standard deviation of the resonance 
frequency was 1.2 Hz, corresponding to 11 ppm. The repeatability uncertainty of the quality 
factor was 450. 
During the proton irradiation tests (see Chapter 6) another impedance analyzer was used 
(Agilent 4292A). The repeatability uncertainty of this setup was inferior to the other setup 
due to a lower frequency resolution (2.5 Hz instead of 0.2 Hz). The repeatability uncertainty 
of the resonance frequency and the Q-factor were estimated to be 75 ppm and 2500, respec-
tively. 
3.3 Structural analysis of piezoelectric AlN layer  
Hermetic encapsulation is a critical requirement for reliable microsystem because 
humidity may condensate, causing corrosion [113]. As outlined in section 2.9, monitoring 
the pressure inside small cavities is challenging and traditional methods such as Helium fine 
leak tests are not sensitive enough for many microsystems [115]. Miniaturized pressure sen-
sors integrated in small packages could allow monitoring the inside pressure and pressure 
evolution even in cavities with internal volumes below 1μl. MEMS resonators with pressure-
sensitive Q-factor are a promising technology to achieve this goal [133], [134]. Nevertheless, 
the resonance characteristics and aging properties depend not only on the vacuum level but 
 
Figure 3.3: Impedance absolute value (above) and phase (below) of the resonator near the operation reso-
nance frequency. The black circles are the measurement points and the blue line is a fit of the Butterworth-
van-Dyke equivalent circuit. 
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also on the stress state of the resonant structure, which in turn is influenced by the packaging 
process. Therefore a detailed analysis of the strains present in the system is required to eval-
uate their influence on the device performance.   
For efficient piezoelectric actuation the AlN layer must be highly textured. Phase analysis 
and texture measurements were carried out on a PANalytical X’Pert PRO MRD instrument 
using copper K

 radiation. It was used in a parallel beam configuration and was equipped 
with a Göbel x-ray mirror and a 6-axis goniometer. The diffracted x-rays were counted by a 
xenon point detector. Figure 3.4 shows the diffraction pattern of the resonators. Only the 
AlN(002) and AlN(004) peaks were present in the diffraction pattern, which indicated a 
strong texture along the c-axis of the hexagonal AlN. This was in agreement with expecta-
tions, as the AlN was reported to grow in its hexagonal phase with a preferred orientation 
along its c-axis on amorphous silicon oxide and on (111)-oriented Pt, Al and Ru [135].The 
 
Figure 3.4: X-ray diffraction pattern of the silicon resonators without a cap.  
 
 
Figure 3.5: Pole figures of AlN(002) and AlN(011). The c-axis is highly oriented out of the wafer plane, 
while the AlN(011) diffraction peak shows a circular symmetry. This is characteristic for a fiber texture. 
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metallic electrodes and the bonding gold-tin solder also appeared in the diffractogram. It is 
noted that the diffraction peaks of the cubic metals of the Under-Bump-Metallization super-
pose. The high degree of texture in the AlN was confirmed by pole figures (Figure 3.5). The 
AlN(002) peak was fully oriented out of the wafer plane, while for the AlN(011) a circular 
symmetry was observed. This is a clear proof for a fiber texture. The width of the rocking 
curves (ω-scan) is linearly related with the piezoelectric coefficient of AlN [143]. In the 
investigated devices the rocking curve full width at half maximum (FWHM) was 1.8° which 
is comparable to state-of-the-art AlN layers. 
The residual in-plane stress in the AlN was determined from the out-of-plane strain. The 
average size of the c-parameter of the hexagonal lattice was obtained from the angular posi-
tions of symmetric AlN(004) and AlN(006) diffraction peaks. High-angle reflections were 
selected because the strain resolution is given by )tan(//  dd and hence increases at 
higher diffraction angles. The lattice constants were compared to reference values of un-
strained AlN reported in literature (a = 3.11197(2) Å and c = 4.98089(4) Å [144]) to calculate 
the out-of-plane strain. For biaxial strain the in-plane stress 
planein!
 is related to the out-of-
plane strain 
planeofout 










where ν and E are the Poisson’s ratio and the Young’s modulus of AlN, respectively. These 
material parameters were obtained from literature and are listed in Table 3.2. It is noted that 
ideally the angular position of asymmetric peaks would be used in addition to the symmetric 
                                                                
 
11 [Online] http://cmi.epfl.ch/organisation/files/D263T_d.pdf (Accessed on 06. Jul. 2014) 













(8 keV) [mm-1] 
Ref. 
AlN 315 [136] 0.245 [136] 4.35 [137] 3.26 [137] 20.5 [138]  
Silicon Orthotropic Orthotropic 2.6 2.329 14.5 [138] [139] 
SiOn 57 [140] 0.2 [10]  0.5 [141] 2.2  [140] 6.4 [138]  
Au-Sn 
eutectic 
69  0.4 16.8 14.7 347 [138] [142] 
Pyrex 72.9 0.208 2.4 2.51 7.3 [138] 11 
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diffraction peaks to directly access the in-plane lattice constant [145]. However, due to the 
generally decreasing intensity of high-angle reflections, the fiber texture and the small probe 
volume the respective diffraction peaks were not intense enough to allow for a sufficiently 
precise determination of the diffraction angles. 
A second method to investigate the strain in the devices was the bending of the resonators, 
which acted as a passive strain gauge. The deflection was measured using a Wyko NT1100 
white-light interferometer. An example profilometry measurement is shown in Figure 3.6. 
The deflection was determined by the sum of the strains in all functional layers, most notably 
the AlN and the silicon-oxide. Figure 3.7 shows the residual stress versus the resonator beam 
deflection. As expected, higher tensile residual stresses were correlated to higher deflections 
of the resonator beams. The measured stress levels were consistent with values reported in 
 
Figure 3.6: Deflection measurement of the tuning fork resonators measured by white-light interferometry. 
(Left) Pseuo-3D view of the topography of an open resonator the color indicates the height. The center graph 




Figure 3.7: Residual strain in the AlN layer versus the deflection of the resonator beams. The open and filled 
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literature. For instance in ref. [143] stress levels between +2 GPa and -10 GPa were reported 
and only at stress levels in excess of -1.8 GPa delamination occurred. The slopes of the in-
plane stress and out-of-plane stress versus deflection were 19.7±6.4 MPa/µm and -12.8±4.2 
MPa/µm, respectively. While the latter is directly based on measurements, the in-plane stress 
was calculated using the Poisson’s ratio and the Young’s modulus of AlN, which were 0.245 
and 315 GPa as given in ref.[136]. 
Investigations on the mechanical properties of the metallic layers by scratch tests and 
nanoindentation have been performed. A good homogeneity of the mechanical properties 
(hardness, elasticity and scratch resistance) of the devices prior to bonding has been found. 
The sealing rings were investigated prior to bonding and after bonding by polishing cross-
sectioning, SEM and EDX and were found to be composed by about equal parts from of the 
Au1Sn1 phase (δ-phase) and the Au0.85Sn0.15 phase (ζ-phase). These results have been re-
ported on in more detail elsewhere [146]. In addition, mechanical tests of the strength of the 
sealing rings (Pull test and shear test) have been conducted. The fracture has been observed 
to occur almost exclusively in the glass, indicating a high strength of the sealing after bond-
ing. Detailed accounts of these experiments can be found elsewhere [147]. 
3.3.1 Packaging strain investigation 
To investigate the influence of the packaging process on the strain distribution, a measure-
ment setup which is applicable to both open and capped devices was required. For this pur-
pose the Si(440) reflection was selected. The corresponding atomic planes were parallel to 
the sidewalls of the devices and hence it was possible to directly access the in-plane strain 
in the silicon. Figure 3.8 shows the resonator package and a schematic view of the diffraction 
geometry used to investigate the bonding interface between the resonator device and the 
glass cap. 
The HRXRD measurements were carried out on a PANalytical X’Pert PRO MRD instrument 
using copper K
1 radiation. It was used in a parallel beam configuration and was equipped 
 
Figure 3.8: Schematic cross-section of the bonding interface region and the HRXRD measurement configura-
tion. The microresonator is fabricated in the device layer of the SOI wafer. Note that the image is not to 
scale; the thickness of the bonding layer is about 5 μm and the distance to the package surface is about 100 
μm. 
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with a Göbel x-ray mirror and a Bartels 4-crystal monochromator. The diffracted x-rays were 
counted by a xenon point detector. For the RC measurements an open detector was used. A 
secondary monochromator in front of the detector was utilized for the RSM measurements. 
At first, mechanical devices were investigated by HRXRD. The mechanical wafers followed 
essentially the same fabrication process as for the functional devices, but without carving 
out the resonator. In Figure 3.9, the results of x-ray rocking curve measurements are shown. 
Using a beam width of 50 μm, rocking curves were measured at different positions along the 
devices sidewalls. At the bonding interface a stress level of 35 MPa was determined for the 
open devices. After bonding, the stress level was slightly reduced to ~30 MPa. The strain 
state in the devices was thus dominated by residual stresses in the functional layers deposited 
during fabrication and the packaging caused only a small reduction of the overall stress level.  
As discussed in section 3.2, the functional devices were based on SOI wafers where the 
resonator structures were etched into the device layer. In SOI wafers the device layer and 
the handle wafer are two separate monocrystals, separated by a thin layer of amorphous SiOn, 
and are generally not perfectly aligned. In the diffraction measurement their peaks were 
therefore offset in reciprocal space and the handling wafer could be used as an internal ref-
erence. Figure 3.10 shows a typical reciprocal space map of an open device. The diffraction 
peaks of the substrate and the device layer were offset by about 0.5 degree in the y-axis 
(Omega) which corresponds to a rotation of the crystal. The horizontal axis denotes 
Omega/2Theta which is related to the spacing of the atomic planes (d440-spacing). Conse-
quently, strain and strain gradients can be monitored. The substrate peak had a low FWHM 
(~0.006° in ω/2θ and ~0.005 in ω). This is comparable to the reference value measured in 
bulk silicon, which indicated that the handle wafer was unstrained. The diffraction peak of 
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the device layer exhibited a strain gradient related to the different strain levels at the inter-
faces with the buried oxide on one side (hereafter denoted SOIbottom) and the functional 
layer (SOItop) on the other side. In addition, a tilting component between the two interfaces 
was observed. The black vertical line in the RSM shows the position (ω/2θ value or d-spac-
ing) of the substrate wafer and the red dashed line denotes the position of the diffraction 
peak of the device layer towards the functional layers (SOItop). The strain gradient between 
the two peaks (substrate-SOItop) was related both to the strain distribution in the functional 
layers as well as the bonding-induced strains, as will be shown below.  
In Figure 3.11, a comparison of the measured reciprocal space maps of three open resonators 
with different beam deflections are presented. With increasing resonator deflection the strain 
gradient between the substrate and the device layer went over from negative to positive. This 
means that for low deflections a tensile strain was present in the silicon near the functional 
layers. Higher tensile residual stress in the functional layers was correlated with a shift of 
the SOItop diffraction peak to higher angles, and hence compressive stress in the silicon. In 






Figure 3.10: HRXRD RSMs of the bonding interface of an open resonator. Omega and Omega/2Theta axes 
show degrees on a relative scale. The upper peak is the diffraction peak of the handling wafer (S) and the 
peak at lower Omega values is the diffraction signal of the device layer (D). The diffraction peak of the de-
vice layer exhibits a strain gradient related to the strain gradients towards the buried oxide on one side and 
the functional layer on the other side. 
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For the purpose of clarifying the dependence of the strain distribution to the packaging and 
the properties of the functional layers, a series of open devices and packaged devices origi-
nating from two different wafers was measured. The strain gradient between the substrate 
and SOItop is shown in Figure 3.12. A clear correlation between the resonator deflection and 
the peak separation was found in the open devices. In the packaged devices a trend with the 
deflection was also observed present but the available samples did not allow determining a 
 
Figure 3.11: Comparison of three RSM’s measured on open resonators. Omega and Omega/2Theta axes 
show degrees on a relative scale. The three devices differ in the deflection of the resonator beams, and hence 
the strain in the functional layers. From left to right the deflection (and residual in-plane stress in the AlN) of 
the resonators was 11 µm (195 MPa), 13.3 (270 MPa) µm and 17.6 µm (335 MPa). 
 
 
Figure 3.12: The strain gradient between the substrate and SOItop for open resonators (♦) and packaged reso-
nators (■). The green markers (▲) show the strain gradient of a packaged device (upper point) and after re-
moving the cap (point at more negative strain gradient). The filled and empty markers are samples from two 
different wafers, respectively. The lines are guides to the eye. 
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clear relationship. In addition, the error on the deflection measurement was rather large 
(about ±1 µm as estimated from the variation between repeated measurements) as it had to 
be determined by compensation of the glass caps in the white light interferometry, which 
deteriorated the measurement repeatability. 
The results presented in Figure 3.12 show that the strain gradient in the devices was related 
both to the residual stress in the functional layers as well as the strain induced by the pack-
aging. This was also clearly demonstrated by measuring the strain distribution in a device 
both in the packaged state and after removal of the cap (green markers in Figure 3.12). For 
the open devices the slope of the strain gradient versus deflection relationship 
was 9.3±0.9 ppm/µm and for the strain gradient vs. in-plane stress the slope 
was 0.48±0.05 ppm/µm. In the packaged devices a shift towards more tensile strains by 
about 20 to 40 ppm was found. Nevertheless, these stress levels were low enough not to 
significantly influence the resonance frequency of the resonators. In over 20 devices inves-
tigated in the radiation tests (see Chapter 6), no significant correlation between the deflection 
and the Q-factor or the resonance frequency was found. The frequency variations were 
within the range estimated from the fabrication tolerances (~ 1 µm). 
3.3.2 Finite element analysis of packaging strains 
A simplified 2D model was implemented in COMSOL Multiphysics® and was used for the 
analysis of the strain distribution in the open and the packaged devices. The two-dimensional 
model corresponded to a cut through the center of the device and was discretized using te-
tragonal elements. The structure of the resonators was simulated using an orthotropic elas-
ticity tensor for silicon and isotropic elasticity for the other materials. The material properties 
used as an input to the simulations are listed in Table 3.2. The simulation was made using 
the solid mechanics module and consisted of a stationary solution with a temperature equi-
libration and initial in-plane stresses and strains. The starting and end temperatures were 
280°C and 20°C, respectively, which corresponded to the bonding process, i.e. the temper-
ature difference between the solidification temperature of the gold-tin eutectic and room 
temperature. Due to the large difference in the aspect ratio between the bulk silicon and glass 
wafers and the functional layers only the main functional layers (SiOn and AlN) were con-
sidered while the metallic electrodes were neglected. Boundary conditions which had mini-
mal influence on the strain distribution were selected. One corner on the backside of the 
devices was fully constrained while the motion of the other corner of the backside was re-
stricted in the y-direction to avoid a rotation of the device. The mesh consisted of 88k and 
125k triangular elements for the open and the capped devices, respectively. Biaxial strains 
in the functional layers were imposed at the start of the simulation. Their magnitude was 
varied to investigate the influence of individual parameters on the strain distribution and the 
diffraction pattern. After convergence was attained the deformation gradient was extracted 
and the reciprocal space maps were calculated, including the photoelectric absorption effect 
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as outlined in section 2.5. The x-ray mass attenuation factors µi of the materials are given in 
Table 3.2. 
The initial parameters in the simulation were the following. The biaxial in-plane stress in the 
SiOn layer was compressive and was varied between -100 MPa and -500 MPa. These stresses 
originate from the mismatch of the coefficient of thermal expansion between silicon and the 
SiOn. The simulated values fully covered the range of experimentally determined values 
which lie between about -200 MPa and -400 MPa [141], [148], [149]. The in-plane stress in 
the AlN was simulated between 0 MPa and 2000 MPa. The distance between the surface and 
the sealing ring was about 65 µm, and the width of the sealing rings was 120 µm.  
Figure 3.13 shows the simulated strain distribution in the MEMS package. No significant 
difference in the maximum stress level was found. However, in the packaged device the 
strain induced by the sealing ring and the cap were visibly altering the strain distribution. 
The strain distribution change related to the bonding was localized within a distance of 
about 100 µm away from the sealing rings and therefore the bonding did not directly influ-
ence the tuning fork resonators. This was also confirmed by the experiments where no sig-
nificant difference of the pressure vs. Q-factor dependency was observed between the pack-
aged and the open devices (see Chapter 4).  
In Figure 3.14 a comparison of the experimental measurement and the simulation of the 
RSMs is presented for a MEMS device which was measured both in its capped state and 
after removal of the cap. The strain gradient between the encapsulated state and after removal 
of the cap were already shown in Figure 3.12 and discussed above. The color maps of the 
experiment and the simulations were equal, i.e. linear for the substrate peak and square-root 
  
Figure 3.13: Finite element model of the MEMS package. The graphs show a cross-section of the bonding 
interface region (scale: millimeters). The color indicates the value of the x-component of the stress in the sili-
con after convergence of the simulation (in MPa). The left graph shows an open device while the right graph 
shows a device with a cap, which changes the strain distribution in the device layer. For clarity the cap and 
the sealing ring are highlighted by a checkerboard pattern. The x-components of the strain in the SiOn and the 
AlN were -300 MPa and 750 MPa, respectively. 
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for the device layer peak. The strain in the AlN was 300 MPa in the experiment and in the 
simulation the strain was -300 MPa in the SiOn layers and -750 MPa in the AlN layer. Similar 
to the experimental RSM’s, the simulated diffraction pattern also exhibited the deformation 
of the diffraction peak related to the different strain distribution near the buried oxide and 
the surface of the SOI wafer. In addition, using these parameters a good agreement between 
the strain gradient (Substrate-SOItop) was obtained for the packaged and the open device. 
The strain gradients and the difference between open and packaged state were equivalent 
between the experiment and the simulation.  
 
Figure 3.14: Comparison of the experimental and simulated RSM’s for a device which was packaged (lower 
two graphs) and then opened (upper two graphs). Omega and Omega/2Theta axes show degrees on a relative 
scale. The scale of the color map is on a linear scale for the substrate layer (S) and a square-root scale for the 
device layer (D). The vertical black solid line and red dashed line show the ω/2θ position of the substrate and 
the SOItop-peak, respectively. The x- and y-axes are on the same scale for the simulation and the experiment. 
The arrows and circles in the simulated RSMs are discussed in the text.  
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Figure 3.15 shows the strain gradient (substrate – SOItop) in dependence of four different 
parameters: Residual bi-axial stress in the AlN layer, residual stress in the SiOn layers, dis-
tance between the surface and the sealing ring and width of the sealing ring (i.e. width of the 
bond). Clearly the residual strain in the AlN layer has the strongest influence on the diffrac-
tion pattern. In the range of stresses relevant for this study, the strain gradient in the packaged 
devices was more tensile than in the open devices, and the slope of the strain gradient versus 
residual stress was also higher in the packaged devices. Therefore the same trend was ob-
tained in the simulation and the experiment. However, the slopes were a factor of 2.5-3 
smaller than in the experiment. While a part of the difference may be caused by other pa-
rameters, the large difference must also be due to limitations of the model. There are several 
shortcomings of the simulations, which are discussed in the following: 
1) In the simulations an additional peak was obtained (indicated by the red arrows and 
circles in the right graphs of Figure 3.14). This peak originated from the strain relax-
ation in the silicon at the surface of the device layer. When the first few micrometers 
of material below the surface were excluded from the simulation, this peak vanished 
(Figure 3.16). There is evidence that this may be justified by the damage induced at 
 
Figure 3.15: Finite element model of the MEMS package. The graphs show a section through the device 
whose sidewall is at x=0. The color indicates the level of the x-component of the stress in the silicon after 
convergence of the simulation. The left graph shows an open device while the right graph shows a device 
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the surface of the device by the sawing process. The diamond sawing process can be 
considered to be equivalent to polishing [150]. During the dicing process large com-
pressive stresses are formed when the diamond grits scratch the silicon. Under these 
pressures a phase transformation into amorphous silicon and various other crystalline 
phases of silicon occurs and a damaged sub-surface layer is formed [151]-[153]. De-
pending on the size and size distribution of the diamond grits, the speed of the tool 
and the normal load, ductile or brittle abrasion dominates. For instance, in ref. [151] 
the sub-surface damage caused by rough grinding (320 mesh grid) and ultrafine 
grinding (diamond grit with few micrometers diameter) has been investigated. Duc-
tile abrasion has been found to dominate in ultrafine grinding and caused a quite 
uniform layer structure consisting of amorphous silicon (few nanometers) on top of 
plastically deformed silicon (~2 µm) and strained silicon (~2 µm). The brittle abra-
sion which dominated in rough grinding led to much deeper-reaching damage where 
the plastic deformation reached about 3.5 µm and the strained silicon layer and sub-
surface cracks extended approximately 20 µm below the surface. A method to verify 
if sawing damages are the reason for the absence of the additional peak would be to 
use another dicing method such as stealth laser dicing which is known to induce less 
damage at the cut surface [154],[155]. 
2) As mentioned above, the difference between the strain gradients (substrate–SOItop) 
was similar in the experiment and the simulation, and the general trend of the strain 
gradient versus residual stress in AlN was reproduced in the simulation. (Upper left 
graph in Figure 3.15). However, the biaxial strain in AlN which was required to ob-
tain the respective strain gradient was much larger than the experimentally measured 
 
Figure 3.16: Comparison of the experimental (left) and simulated RSM’s for an open device – the same de-
vice as shown in Figure 3.14. The right graph shows the simulation of the RSM after removal of the diffrac-
tion signal from the first 8 µm below the (sidewall) surface. Omega and Omega/2Theta axes show degrees on 
a relative scale. 
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strain. In addition, the slope of the deflection (or residual stress) versus strain gradi-
ent curve differed significantly between the experiment and the simulation. This was 
presumably due to the two-dimensional nature of the model which was not capable 
of reproducing the biaxial strain distribution of the system.  
3) A third point is the intensity distribution of the simulated reciprocal space maps. As 
discussed, photoelectric absorption has been implemented in the model. However, in 
quasi-perfect crystals such as single crystal silicon additional attenuation due to dy-
namical scattering effects occurs. This is due to multiple scattering, refraction and 
extinction (attenuation due to loss of intensity of the incident beam into the diffracted 
beam) [156]. Extinction only affects a very narrow angular range around the Bragg 
peaks (on the order of 0.01°) [157]. As the diffraction peaks of the substrate (handle 
wafer) and the device layer are heavily offset in reciprocal space extinction is only 
expected within the individual silicon layers. For intensity matching and advanced 
analyses such as defect density investigations dynamical diffraction theory would 
have to be implemented. 
3.4 Conclusions and chapter summary 
In this chapter the piezoelectrically activated silicon resonators were introduced, 
their fabrication and electrical characterization outlined and structural analyses which have 
been performed were discussed. The obtained results show that it is possible to access de-
tailed information about the strain distribution in MEMS devices and packages by x-ray 
diffraction techniques. This includes the analysis and quantification of residual stresses in 
the silicon and the functional layers, the analysis of the texture of the materials and the de-
termination of the packaging-induced stresses in buried structures. It was shown that alt-
hough the sealing ring was located at a large depth below the specimen surface, it is possible 
to obtain valuable information on the strain distribution and strain level in the device. The 
strain distribution was found to be dominated by the residual stresses in the SiOn and the 
AlN layers. Only small changes were observed after packaging, showing that the applied 
packaging method, the Au-Sn eutectic bonding, is a suitable packaging method and influ-
ences the devices only in a minor manner. 
Finite element simulations support the analysis and allow comparing theoretical models of 
the system with the experimental results. The stress levels and the influence of bonding were 
also qualitatively reproduced by the simulations. In addition, finite element simulations al-
low evaluating the influence of individual parameters on the strain distribution in the de-
vices.  
As discussed in sections 2.3 and 2.7.1.1, stresses and stress relaxation are an important con-
tributing mechanism for aging in microresonators. By making such effects accessible, the 
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discussed method supports the interpretation and analysis of diffraction patterns related to 
complex deformations.  
 

   
Air Damping in Tuning Fork Resonators 
This chapter focuses on the air damping of the piezoelectrically activated silicon 
tuning fork resonators. As noted in section 3.2, these devices had been designed for sensing 
the leak rate in very small cavities. The resonance frequency and the quality factor of the 
resonators are influenced by the material properties, the strain distribution and the air pres-
sure. The former factors have been discussed in the previous chapters and to complete the 
discussion this chapter is dedicated to the investigation of the influence of air damping on 
the resonance characteristics, as well as the functional characterization of the device in the 
view of its purpose, pressure sensing. 
The applicability of tuning forks for pressure sensing [158], [159], gas density measure-
ment [160] and force sensing [161] has been investigated previously in quartz tuning fork 
resonators, which were relatively large (~3 mm length). Resonators based on SOI-wafers 
enable miniaturization, high die density on the wafer and wafer-level encapsulation with 
nanoliter-package volumes. However, similar to residual stresses which can radiate and af-
fect neighboring structures, the small size and close proximity of structures leads to mutual 
influences mediated by the surrounding gas. The proximity of the two tines and the frame 
around the resonators, which provides mechanical stability and carries the sealing rings for 
the wafer level-encapsulation, gives rise to additional damping by air being squeezed in the 
small gaps. As noted in section 2.9 monitoring the resonance frequency and quality factor 
variations over time can be used to determine the hermeticity and leak rates in very small 
packages where the traditional helium leak test method fails because the relevant leak rates 
are below its sensitivity [115]. This is of crucial importance in high-reliability applications 
such as space exploration and medical technology where hermeticity must be ensured over 
decades [113]. Understanding the pressure sensitivity allows efficient design of the pressure-
sensing resonators and also enables the determination of admissible pressure levels in reso-
nator packages (other than pressure sensors) above which the performance is deteriorated by 
air-damping.  
The following section contains an overview over the pressure regimes which characterize 
the air damping, namely the structural-damping regime where air damping is negligible, the 
free molecular regime and the viscous regime. The damping models for the framed tuning 
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fork geometries are developed based on previous works reported in literature. Thereafter the 
experimental results are presented, compared to the models and discussed. 
4.1 Air damping in microresonators  
4.1.1 Equation of motion for a damped Euler-Bernoulli beam 
If squeeze-damping is negligible, the tuning fork 
resonators can be considered to be equivalent to 
single fixed-free cantilevers [158]. The energy 
dissipation in resonators is mediated by various 
processes, which either depend on the internal 
structure and geometry of the system or on the 
surrounding environment. The quality factor of 
the resonator is related to the energy dissipated 
in one cycle ΔE divided by the total energy of the 
resonator E0. The total energy dissipated is the 












EQ 00 22  . (4.1) 
The contributions of all damping processes can therefore be calculated separately and then 
be combined to yield the overall quality factor. The force per unit length dF  acting on a can-
tilever beam moving in the x-direction consists of a dissipative component 1f related to the 
velocity, and an inertial component 2f which is related to the acceleration of the beam [162]  
 xfxfFd  21  . (4.2) 
The effect of damping on the motion of a cantilever according to the Euler-Bernoulli beam 
theory can be evaluated by solving the equation of motion for a driven resonator [163]:  
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 . (4.3) 
The deflection x in the xy-plane is dependent on the time t and the position "  along the beam 
(Figure 4.1). For small amplitudes the y-deflection can be neglected. The variable 
"
 is the 
position along the beam, and runs from the base
 0" to the tip of the beam  L" . The 
beam cross-section is DW, ρb is the mean density of the cantilever, F is the driving fre-
quency, E is the Young’s modulus and I is the second moment of inertia. A separation of 
 
Figure 4.1: Schematic representation of the can-
tilever dimensions. The beam performs an os-
cillation along the x-axis. 
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variables yields 
  )    cos()()()(, 1 $"""  tXtXXtx nn , where )("nX is the shape function of the har-
monic modes. Based on the above equations the following identities for the resonance fre-

































































 . (4.5) 
The factor n equals to 1.8751 for the first resonance mode. If f2 is small, the frequency 0 









0 & . (4.6) 
The left and right expressions in (4.4) and (4.5) are the exact solutions and the weak-damping 
approximations ( DWf b''2 ), respectively. Similar expressions have been used by various 
researchers to analyze the motional behavior and damping of microresona-
tors [160], [164], [165]. The resonance frequency and quality factors can be calculated di-
rectly from (4.4) and (4.5) if the damping parameters f1and f2 are known. However, in most 
cases one has to recur to (4.1) and sum up the individual contributions of all relevant damp-
ing effects, which will be discussed in the following.  
4.1.2 Air damping regimes 
Three major regimes of pressure dependency can be discriminated [158], as shown in Figure 
4.2. In the intrinsic damping regime the pressure of the surrounding air is sufficiently low so 
that the damping by air is negligible compared to other friction processes. Only if the air 
density is increased, the momentum transfer between air molecules and the oscillating struc-
ture becomes significant and leads to detectable changes in the damping characteristics. At 
low pressures the interactions between the air molecules can be neglected, and the physical 
properties of the air are described by statistical mechanics. Consequently this pressure range 
is termed the free molecular damping regime. At higher gas densities where the assumption 
of non-interacting particles breaks down, the air is considered as a continuum and fluid dy-
namics describes the motion of air and it’s damping effect on the resonators. This is called 
the viscous damping regime. 
This categorization is rather coarse but captures many of the essential features of air damp-
ing. The range in which one of the damping mechanisms is dominant depends not only on 
the absolute pressure (and hence the gas mean free path) but also on the dimensions of the 
system. The ratio of the two length scales is called Knudsen number Kn. It relates the mean 
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free path of gas molecules λ with the characteristic size of the system d which here is the 
width of the gap separating the tuning fork tines and separating the tines from the frame. The 












where dm is the molecule diameter (3.7 x 10-10 m for air [167]), kB is the Boltzmann constant, 
T is the temperature and p is the pressure. Based on the Knudsen number the pressure re-
gimes are generally classified as follows: If the mean free path of the gas is small (Kn < 0.01) 
the air is considered as a continuum and viscous damping prevails. Between 0.01 and 10 the 
transition occurs into the molecular regime which itself covers all pressures where the Knud-
sen number is above 10 [166]. 
4.1.3 Intrinsic damping 
The intrinsic friction processes contribute to damping at all pressures but dominate only at 
low pressures. Depending on the system various friction processes may be rele-
vant [168], [6]:  
( Thermo-elastic damping: The cyclic compression and expansion of the material dur-
ing the oscillation leads to temperature gradients in the resonator. The resulting heat 
flows cause energy losses. For tuning forks with designs similar to the ones used in 
the present work, this loss mechanism was reported to be dominant for devices in the 
resonance frequency range between 30 kHz to 80 kHz [132].  
( Clamping losses: Dissipation of vibrational energy into the supporting structure. This 
damping mechanism is effectively reduced in the tuning forks due to the anti-phase 
motion of the two tines [158]. 
 
Figure 4.2: Quality factor versus air pressure scheme showing the three damping regimes of intrinsic damp-
ing, molecular damping and viscous damping. Adopted from [158]. 
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( Internal friction and/or enhanced dissipation in a surface layer (functional layer or 
native oxide) [169]. In AlN-activated resonators the main contribution to intrinsic 
damping has been attributed to losses in the metallic electrodes [170], [171]. 
Considering the various possible damping mechanisms and the fact that these processes 
heavily depend on the material properties and the fabrication processes, it is usually not 
possible to predict the intrinsic damping. It must be determined, analyzed and optimized for 
each system individually.  
4.1.4 Molecular damping 
Air molecules scattered on the resonator surfaces will undergo a momentum transfer which 
leads to damping of the oscillation. At small amplitudes the resonant structure can be con-
sidered to move along a single axis and the net effect of the scattering on the walls parallel 
to the direction of the oscillation will be zero. The movement of the resonator leads to a 
pressure difference between the front side and the backside of the resonator which to the 
author’s knowledge was first derived in [172]. At low pressures the probability of a particles 

























where m is the mass of a gas molecule. The momentum transfer of a molecule hitting a static 
surface is 222 2)( xxx mvmvmv  . In the case of a resonating cantilever the speed of the 
molecules colliding with the cantilever surface which is moving at a velocity x  is xvx   and 
xvx   for the front- and backside respectively. The pressure is defined as the momentum 
transfer per unit area and therefore differs between the front side and the backside. This 
pressure difference obviously depends on the number of collisions (and hence the pressure) 





24 , (4.9) 
where the conversion into molar units has been made, so R is the gas constant and M the 
molar molecular weight (for air M = 0.029 kg/mol). The force resulting from this pressure 
difference has been used to calculate the molecular damping of vanes and oscillating fi-
bers [172], [173]. This approach of calculating the quality factor is commonly referred to as 
Christian’s model:  


















 . (4.10) 
Here D is the thickness of the resonator and f0 the un-damped resonance frequency. It can be 
seen from (4.10) that the quality factor is proportional to the thickness of the resonator. A 
thin cantilever possesses a lower mass and inertia and is therefore sensitive to air-damping 
at lower pressures than thicker resonators. If the total mass and the density of the resonator 
are held constant, a higher thickness results in smaller surface areas in the direction of motion 
and thus also less air damping. This theory has been successfully used to model the molec-
ular damping in microresonators by several authors [158], [174], [175]. 
4.1.5 Squeeze-film damping in the molecular damping regime 
While the results of Christian’s model are generally in very good agreement with the exper-
imental results for free-standing thin resonators, the influence of the surrounding structures 
must be accounted for if the mean free path of the gas is similar to their separation distances. 
In this case, the velocity distribution of the gas molecules is no longer in equilibrium but is 
influenced by the resonator itself, which gives rise to squeeze-film damping. There are two 
main approaches for the analysis of squeeze film damping: The continuum fluid based ap-
proach based on Reynolds equation and the molecular damping based on the energy and 
energy transfer of individual gas particles. The continuum fluid approach is justified in the 
pressure range where the mean free path is much smaller than the characteristic length scale 
of the system and continued efforts have been made to extend the model also to lower pres-
sures in the molecular regime (e.g. [123], [176], [177]). However if the mean free path is 
much longer than the system it is more physically meaningful to consider individual gas 
particles. Bao et al. [178] have developed a model of squeeze-film damping in resonant 
structures in the free molecular regime based on the collision of gas particles with the solid 
walls of the system. They considered a plate parallel to a wall, oscillating in the direction 
normal to the plane of the wall (Figure 4.3). As the particle travels through the gap it repeat-
edly collides with the wall and the resonator. Under the assumption of elastic collisions, the 
particle will be accelerated (or decelerated) due to the motion of the plate. The total energy 
taken up (or given off) by the air molecules in the gap in one oscillation cycle is related to 
the total internal energy of the resonator to calculate the Q-factor. 
The model for the analysis of the air damping in the molecular damping regime used in this 
work is based on Bao’s model and therefore this model is outlined in the following. The 
coordinate system is chosen such that the plate is resonating in the xy-plane (Figure 4.3). Per 
unit time the number of particles moving into the gap with the area Ld is [178] 
  xdLvn 04
1 , (4.11) 
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where n0 is the air molecule number density and MRTv /8 is the average speed of 
the molecules. If it is assumed that the deflection x is much smaller than the gap spacing, the 
gap size d can be assumed to be constant. Equation (4.11) is the well-known relationship for 
the number of collisions occurring per unit time on the wall of a box containing a diluted 
gas [167]. The energy of a gas particle entering the gap is 0,xv in the x-direction and yzv  
parallel to the plate. During the passage through the gap the absolute value of the velocity of 
the gas molecule in the x-direction changes by x2 each time it collides with the beam. The 
geometrical parameter tl  describes the average distance a particle passes in the gap in the 
yz-plane and is equal to
/2LW  [178]. Therefore the number of collisions is the total 
dwell time in the gap 
 yztd vlt /  divided by the time between two collisions with the 
moving resonator 
 ./2 0,xvd  Hence, after passing through the gap the average energy is the 









2 0,0,0,  . (4.12) 








and after passing through the gap Ekin has become  
 
Figure 4.3: Schematic representation of a plate oscillating near a static wall. The plate is oscillating in the 
plane of the page. The red dots represent the air particles. The distance between the beam and the wall is d, 
the plate length is L, the thickness is D and the width out of the image plane is W. 






































































xyzendkin  . (4.14) 
This energy change is multiplied by the number of particles entering the gap per unit time 


















































 . (4.15) 
The velocities are related by yzx vv 0.2  and the density of the air is RTpMmnair /0  . 
The x -term in (4.14) and (4.15) cancels out over one cycle of the resonator. For 









 . (4.16) 
As noted on page 78 the Q-factor of the resonator is given by the ratio of the internal energy 
to the energy dissipated during one cycle according to (4.1). The internal energy E0 is the 




1 xWDLEIxEEE bkp  . (4.17) 
The potential energy is zero when the kinetic energy is maximum (at the moment when the 
resonator passes the equilibrium position (x=0), and where 
 2/sin2
1 222
































 . (4.18) 
This is the Q-factor of a plate oscillating near a wall (Figure 4.3) in the molecular damping 
regime as given by Bao’s model [178]. The Q-factor in Bao’s model therefore is decreased 
by a factor of 16πd/L in comparison to Christian’s model. 
4.1.6 Refinement of Bao’s model 
Hutcherson and Ye [179] have presented molecular dynamics simulations (MD) of squeeze-
film air damping in microstructures. In their simulations some of the rigid assumptions made 
by Bao and co-workers have been relaxed [179]: 
- Constant particle velocity: The number of collisions was calculated based on the in-
itial particle velocity. However, this overestimates the number of collisions when the 
particle velocity vx is slowed down by the plate because it will take the gas particle 
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longer to bounce back and forth between the wall and the plate, while vyz, which 
defines the dwell time in the gap, remains unchanged. Similarly the number of colli-
sions is underestimated when the gas particle is accelerated by the resonator. 
- Constant gap size: The amplitude of the oscillation is neglected. Non-negligible am-
plitudes will influence the number of particles entering the gap and vary the number 
of collisions a gas particle undergoes. 
- Constant plate velocity: The speed of the plate is considered to be constant through-
out the time the gas particle travels through the gap. This is only valid if the dwell 
time in the gap is much shorter than the oscillation period. 
The MD simulations resulted in a quality factor which was reduced by a factor of about two 
and agreed better with the case considered (experimental data from Zook et al. [180]). The 
more recent MD simulations reported in ref. [181] point into the same direction. While 
providing better insight into the molecular damping mechanisms, such simulations require 
specialized software and implementation efforts. As will be shown in the following, the 
above assumptions can also be accounted for analytically.  
The starting point is again a gas particle entering the gap with the initial velocities xv and 
yzv . However, now the gap size d and x  are a function of time, so the change of velocity in 
the x-direction is given by 
 
 














is the phase of the resonator and A is the amplitude. The boundary condition is that 
the velocity xv  is equal to 0,xv  at the time when the particle enters the gap, i.e. 













tv xx . (4.20) 






























As done above, the change in kinetic energy is multiplied by the number of gas particles 
entering the gap and integrated over a full oscillation cycle:  
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1 . (4.22) 

























































    





If the dwell time is much smaller than the oscillation period this formula may be approxi-




11)cos( dd tt   %  and conducting a Taylor expansion to the second or-




















































From the previous considerations the following conclusions can be drawn. The quality factor 
obtained by the Christian’s model, Bao’s model and modified Bao’s model (this work) are 








1616 . (4.26) 
If the gap size ratio d/L is larger than 3/16π then ChristianQ  will dominate over the squeeze-
film air damping. For the quartz tuning fork geometries whose pressure sensitivity was re-
ported in literature the d/L ratios were significantly larger than this threshold 
(about (4π)-1) [182], [183] (in [182] the groove width was not explicitly specified, and was 
therefore estimated from the image of the tuning fork). For the silicon tuning forks investi-
gated here the d/L-ratio was about 4 times smaller than the limiting value, positioning the 
system far inside the squeeze-film air damping regime.  
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The above models can also be easily applied to a framed tuning fork geometry as it is the 
case in the piezoelectrically activated resonators considered here12. Figure 4.4 shows an op-
tical micrograph of the silicon tuning fork and the schematic representation used for the 

























which is a factor of 2/5 smaller than the case of a beam oscillating near a static wall due to 
the additional damping between the two oscillating tines. In the results section the new model 
will be compared to the experimental result of Zook et al. [180] as well as the quality factors 
of the silicon tuning fork resonators in the molecular damping regime. 
 
                                                                
 
12 A note on beam mode shape may be appropriate at this point: As described above, Bao et al [178] have 
considered a plate oscillating near a wall at a constant amplitude. It has been claimed (e.g. in ref. [122]) that 
this molecular damping model is not applicable to cantilever beams due to the variation of the amplitude along 
the beam. However, the influence of the amplitude on the quality factor is very small above a gap-to-amplitude 
higher than ~5 (a variation of 4% of the quality factor over a gap-to-amplitude range from 5 to 100 was esti-
mated based on the graphs shown in [179]), and hence also a small variation of the amplitude is expected to 
have a neglgible influence on the damping. 
 
Figure 4.4: Top view of oscillating beam resonators. The tines of the resonator are oscillating in the plane of 
the page. (Left) Schematic representation of a tuning fork resonator with two times and a surrounding frame. 
(Right) Top view of a piezoelectrically activated silicon resonator. The distance between the two tines is 30 
μm and is equal to the distance to the frame. The length L is 900 μm, the thickness D is 100 μm and the width 
W (out of the image plane) is 20 μm.  
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The above considerations presuppose the absence of interactions between the air molecules. 
However, when the pressure is raised the mean free path of the gas molecules decreases and 
this assumption breaks down. During its passage through the gap, which on average lasts











It is reasonable to assume that the cross-over into the transition regime starts when the mean 
free path falls below this distance. At Kn = 4.4 or p =0.5 mbar this condition is fulfilled for 
the tuning fork resonators studies in this work.  
4.1.7 Viscous damping  
The viscous damping regime is governed by continuum motion of fluids, described by the 
Navier-Stokes equation. For small separations between surfaces in relative motion the Na-
vier-Stokes equation can be approximated by the Reynolds equation. For a review of viscous 
squeeze film damping it is referred to [123]. A condition for the applicability of the Reynolds 
equation is that the Reynolds number (
  /dR as  ) related to squeeze motion is much 
smaller than unity (µ is the viscosity of air). In the viscous damping regime (Kn < 0.01) the 
Rs number of the silicon tuning forks investigated here is constantly larger than ten. There-
fore squeeze-film effects are not relevant in the viscous damping regime. 
The Navier-Stokes equations can only be analytically solved for simple shapes like a har-
monically oscillating sphere [162]. The ‘string of beads’ model, in which the dissipative drag 
on a cantilever is related to a string of oscillating spheres, has been first introduced in 
ref. [182], to relate the air pressure to the impedance of a quartz tuning fork. The model was 
refined thereafter by the same group [184], [185] then extended to the quality factor of sin-
gle-beam resonators [164], [165], and applied to various systems by other research-
ers [186], [187]. In the original work by Kokubun and co-workers [182] the cross-sectional 
aspect ratio of the tines was close to unity (W/D = 0.6 mm / 0.5 mm). A close agreement 
between the model and the experimental data was found with the diameter of the sphere 
being equal to the width of the tines. For cantilever beams Hosaka et al. [165] have given a 
formulation for the quality factor based on spheres with the diameter b equal to the width of 
the beam W, independently of the thickness of the beam. The Q-factor of the resonator beam 
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which was obtained by neglecting the inertial part of the drag. The denominator in (4.29) is 
the dissipative component of drag of an oscillating sphere [162]. Note that it is composed of 
a frequency-independent part (called Stokes-drag) and a frequency-dependent part.  
Setting the sphere diameter equal to the beam width offers a clear definition of the radius of 
the spheres which is directly related to the geometry of the cantilever. However, in the case 
of thick resonators as used here (D/W = 5) this theory is not directly applicable because the 
drag along the side-walls parallel to the direction of oscillation is not well-described. The 
resonator is more appropriately represented by a string of cylinders than a string of spheres 
(Figure 4.5). It is not possible to analytically calculate the drag on short cylinders in motion 
parallel to their axis, but numerical studies may provide insight. The creeping flow (or Stokes 
flow) of a viscous fluid past solid particles of arbitrary shapes has been studied previ-
ously [188], [189]. The Stokes drag on a sphere is RFS 6  and is equal to the frequency-
independent part of f1. It was found that the drag on a cylinder moving parallel to its axis is 
related to the drag on a sphere with the same volume by a drag factor K. The factor K for 
various length-to-thickness ratios from the data given in [188] is shown in Figure 4.6. The 
radius of the sphere is 3 216
3 DWrs  . This correlation can be used to determine the ra-
dius sr  of a sphere that’s damping is equivalent to the rectangular beam. Using this relation-














It is repeated here that for the determination of the K-factor in refs. [188], [189] only the 
Stokes drag was considered, and it is not certain that the same factor is valid for the fre-
quency-dependent part of drag. Therefore this approach is expected to be more robust at low 
frequencies and pressures, where the first summand is dominating. The frequency-dependent 
part increases with the pressure and is larger than the frequency-independent part above a 
pressure of 200 mbar for the resonators considered here. However, for the cross-sectional 
 
Figure 4.5 Representation of the resonators by a ‘string of bodies’. (Left) Spheres with diameter equal to the 
width W of the beams [165]; (Center) Cylinders with length D and diameter W; and (Right) Spheres with the 
same volume as the cylinders in the center figure. 
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aspect ratios relevant here (which was 5) the K-factor is close to unity and does not very 
significantly influence the results. The equivalent sphere radius and the drag factor for the 
tuning fork resonators were 20.2 μm and 0.88, respectively. 
Resonance frequency  
While the effect of air-damping on the resonance frequency is negligible in the molecular 
regime it becomes significant in the viscous regime. The resonance frequency (4.4) is mostly 
influenced by the inertial drag parameter f2 which characterizes the added mass due to the 
boundary air layer around the cantilevers. In the viscous regime Hosaka and coworkers [165] 
have also proposed a model for the resonance frequency. In analogy to the considerations 
made above on the quality factor the drag forces are calculated based on the inertial drag 






















2 . (4.31) 
4.2 Experimental results and discussion  
An experimental result reported in literature which was often used for comparing 
damping models was published by Zook et al. [180]. They investigated resonant polysilicon 
microbeams which were separated by a small gap from a membrane on both sides. The mi-
crobeams had a length of 200 µm a width of 40 µm and the gap on both sides was 1.1 µm. 
The thickness of the microresonator was 1.8 µm [178]. Figure 4.7 shows a comparison of 
 
Figure 4.6: The drag factor K which denotes the ratio between Stokes drag force on a sphere and a cylinder 
with the same volume. The cylinder is translating parallel to its axis. The figure is a representation of the tab-
ular data given in [188], including data from [190](‡) and [191](†). Where simulations with varying mesh 
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the experimental quality factors and the quality factors from Christian’s model, Bao’s model, 
the molecular dynamics simulations by Hutcherson and Ye [179] and the modified Bao’s 
model presented above. At low pressures the quality factor approached a constant Q-factor 
of about 25000 which was determined by intrinsic damping. At higher pressures the damping 
was influenced by air damping. Figure 4.7 shows that the proposed analytical model for free 
molecular damping, which accounted for some of the simplifications made by Bao et al. 
[178] is in good agreement with MD simulations [179] and the experimental results obtained 
by Zook et al. [180].  
With these encouraging results in mind the analysis of the framed piezoelectrically activated 
tuning fork resonators is discussed in the following. The frequency of the anti-resonance of 
the tuning fork resonators in vacuum was 152 kHz, which is about 10% lower than the the-
oretical value after (4.6). This discrepancy was comparable to reports in litera-
ture [192], [193] and was attributed to a combination of several factors. First, the density 
and dimensions of the tines were dominated by the silicon but the functional layers and fab-
rication tolerances influence the resonances. Further factors were the resonance splitting be-
tween the (lower-frequency) anti-resonance and the (higher-frequency) resonance, as well 
as the sturdiness of the resonators which caused the Euler-Bernoulli beam theory to overes-
timate the resonance frequency [194]. Although advanced elasticity theories like the Timo-
shenko beam theory would more accurately capture the resonance frequency of the system, 
the simple Euler-Bernoulli-theory can nevertheless provide valuable insight into the damp-
ing mechanisms, as shall be discussed below.  
 
Figure 4.7: Comparison of the quality factor results between different models for molecular air damping in 
microbeams. The red triangles show the experimental results reported by Zook et al. [180]. The quality fac-













Experiment Zook et al. (1992)
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Simulation Hutcherson & Ye (2004)
Modified Bao's model (This work)
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The quality factor of the resonators was measured in the range of 10-3 mbar to 1 bar on four 
encapsulated but non-hermetic resonators which originated from different regions on the 
same wafer, as well as one open resonator. Figure 4.8 shows the measured quality factors 
versus the pressure. The experimental errors were approximately equal to the size of the 
markers. The low variance in the quality factor values over the full investigated pressure 
range indicated that the fabrication was homogeneous over the wafer surface. The packaging 
also did not cause a significant change of the pressure sensitivity of the quality factor or the 
resonance frequency. In addition, no hysteresis effect was observed between decreasing and 
increasing pressure. The intrinsic damping limited the maximum quality factor to about 
22’000. The graph also shows a comparison of Christian’s model based on (4.10), Bao’s 
model and the modified Bao’s model of this work. In all cases the quality factors of the 
molecular damping were combined with the Q-factor under vacuum using (4.1) on page 78. 
The intrinsic damping dominated the quality factor almost up to the transition regime. Nev-
ertheless, the pressure at which molecular damping started to significantly influence the res-
onators, and the pressure-dependency of the quality factor in the transition regimes were 
much closer correlated to the modified squeeze-film damping model than to Christian’s 
model or Bao’s model. These results indicate that the modified Bao’s model is capable of 
capturing the onset of pressure sensitivity in microresonators subjected to squeeze film air 
damping in the case of a framed tuning fork geometry. 
 
Figure 4.8: Experimental quality factors of four resonator devices versus the pressure. The dash-dotted line 
shows the Q-factor according to Christian’s model. The dashed line is the model which includes squeeze-
damping according to Bao’s model [178]. The solid line shows the quality factor obtained in the modified 
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At pressures above 1 bar the model starts to deviate from the experimental results, which is 
related to the transition to the viscous regime. In Figure 4.9 the viscous damping models 
after (4.29) and (4.30) are shown. Hosaka’s model, which neglects the thickness D of the 
beams, significantly overestimated the quality factor of the tuning forks. In contrast, the ex-
perimental data was well correlated to the proposed model of (4.30).  
To estimate the pressure in which the squeeze-film effects become important, the Knudsen 
layer may be considered. The thickness of the Knudsen layer denotes the distance from a 
moving structure in which the air is influenced by its motion and is, depending on the model, 
between 0.9 to 4.6 mean free paths [166]. This suggests that the Knudsen-layers of the two 
resonator tines overlap at pressures below 5-20 mbar, which lies in the transition regime. 
During the transition between molecular and viscous damping the dominance of one damp-
ing mechanisms is slowly replaced by the other. A heuristic approach introduced in ref. [175] 
for the combination of the quality factors of the two models in the form of 
 
1111 )(   molecularviscousinternaltotal QQQQ  was used. Although not physically meaningful this ap-
proach allows obtaining a good agreement between the model and the experiment over a 
large pressure range. 
The effect of pressure on the resonance frequency was smaller than the experimental uncer-
tainty in the molecular regime. Measureable variations only occurred at pressures 
 
Figure 4.9: Experimental quality factors of four resonator devices versus the pressure. The dashed line is the 
model which includes squeeze-damping in the molecular regime. The dash-dotted line shows the Q-factor 
according the proposed viscous damping model and the dotted line shows the Hosaka’s model. The solid line 
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above ~100 mbar. The resonance frequency shifted by approximately 400 ppm between vac-
uum and ambient pressure, which corresponded to 55-60 Hz. Figure 4.10 shows the experi-
mental data together with the calculation based on the proposed model which accounts for 
the rectangular cantilever cross-section (string-of-cylinders). The model was in good quali-
tative agreement with the experimental data, which indicated that reasonable estimations of 
the relative resonance frequency variations can be obtained using this approach. In contrast, 
the string-of-spheres model (Hosaka’s model [165]) did not agree well with the experiment.  
These results suggest that the proposed models are able to capture the characteristics of air 
damping in the framed tuning forks investigated in this work. Nevertheless, there are several 
aspects remaining open and of interest for future investigations: Firstly, only one type of 
resonators has been investigated in this work (in addition to the comparison with the exper-
imental work by Zook et al. [180]). It would be required to assess the adequacy of the model 
also on other types of resonator geometries. Secondly, it must be noted that the model of 
squeeze film damping in the free-molecular regime is based on purely elastic and specular 
collisions. This assumption does probably not entirely correspond to the reality due to ther-
mal accommodation and tangential momentum accommodation. Thermal accommodation 
means the probability (between 0 and 1) of a gas particle to equilibrate with the temperature 
(and hence velocity) of the surface during a collision. A model for full thermal accommoda-
tion has been proposed by Suijlen and co-workers [195], [196]. In their model the squeeze-
film damping was considered as a variation of the pressure in the gap between a moving 
resonator and a static wall. However, their model is not applicable to the situation studied 
here because the pressure equilibration is much shorter than the oscillation period. In addi-
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tion, full thermal accommodation does probably not reflect reality either. In literature ther-
mal accommodation coefficients between 0.05 for H2 on a silicon surface [197] and 0.96 for 
argon on various metallic surfaces [198] have been reported.  
Tangential momentum accommodation coefficient (TMAC) relates to the proportion of dif-
fusely reflected gas molecules (in contrast to specular reflection). The TMAC can take val-
ues between zero, where all impacts lead to specular reflection, and one, where only diffuse 
reflection occurs. As for the thermal accommodation, the results reported in literature are 
not fully conclusive. The TMAC also depends on the gas-surface pair, the roughness and the 
Knudsen number [166], [199], [200]. It would therefore be of great interest to investigate 
the influence of thermal accommodation and tangential momentum accommodation on the 
free-molecular damping. In addition, packaging under different gas atmospheres would be a 
promising approach for studying the dependence of the gas-surface pair on air damping.  
Nevertheless, the model used here fitted the experimental data very well and can be used to 
estimate the leak-rate sensitivity, based on the above obtained Q-factor versus pressure rela-
tionship. For a cavity volume of 300 nanoliter, which is the internal volume of the piezoe-
lectrically activated silicon resonators, and a hypothetical starting pressure of 1 mbar, the 
evolution of the pressure inside the cavity can be calculated for a given leak-rate. Based 
thereon the Q-factor was calculated. Figure 4.11 shows the Q-factor as a function of time for 
three different leak rates. Leak rates of 10-10 mbar l s-1 and 10-12 mbar l s-1 lead to a significant 
reduction of the Q-factor in the first days after encapsulation. For the case of a leak rate of 
10-14 mbar l s-1 a change of the Q-factor could be detected after about three months, which 
 
Figure 4.11: Q-factor of the encapsulated resonator as a function of time for three different leak rates. The 
curves are calculated based on the modeled Q-factor vs. pressure dependency and the pressure evolution for a 
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Chapter 4 Air Damping in Tuning Fork Resonators 
96 
still is a reasonable time-scale for reliability testing of devices which maintain a pressure 
during tens of years.  
4.3 Chapter summary 
In this chapter the influence of air damping on the quality-factor and the resonance 
frequency of tuning forks has been analyzed theoretically and experimentally from the free 
molecular regime to the viscous damping region. The pressure-sensitivity of the resonators 
was characterized by measurements of the resonance frequency and the quality factor as a 
function of the air pressure from 10-3 mbar to 1 bar. The resonators were found to be highly 
suited for leak rate measurement down to 10-14 mbar l s-1.  
A framework for the prediction of the resonance frequency and the Q-factor based on acces-
sible geometrical and physical parameters was developed in the free molecular regime and 
the viscous regime. In comparison to the state-of-the art two main contributions were made. 
The first contribution is a further development of the molecular damping based on Bao’s 
model [178]. In 2007 Hutcherson and Ye [179] have presented molecular dynamics simula-
tions of squeeze-film air damping in microstructures. They have found that Bao’s model 
underestimated the damping by a factor of approximately two caused by the underlying as-
sumptions of Bao’s model. In this work Bao’s model is analytically refined and important 
effects previously neglected are included. This provided a simple analytical model for mo-
lecular squeeze-film damping and a significantly improved agreement with experiments was 
observed. The second advancement was made in the viscous damping regime. The ‘string of 
beads’ theory commonly used to describe the damping of microresonators in the viscous 
regime was adapted using a phenomenological correction factor to account for the rectangu-
lar cross-section of the beams, leading to the ‘string-of-cylinders’ model. The only unknown 
parameter of the models is the pressure-independent intrinsic damping coefficient, which 
cannot be predicted accurately, and needs to be assessed by experiment.  
This chapter concluded the analysis of the mechanical properties influencing the resonance 
frequency and the quality factor of the piezoelectrically activated resonators, i.e. the materi-
als mechanical properties, the strain distribution and the energy dissipation due to air damp-
ing. The models presented deepen the understanding of the air damping effects in the eco-
nomically important tuning fork resonators and could support device design by allowing to 
predict the pressure sensitivity of MEMS resonators from vacuum conditions to high pres-
sures, based on their geometry, the package and the utilized materials. However, clearly 
further efforts are required to assess the robustness of the model and its applicability to dif-
ferent device dimensions and geometries.  
   
Proton-Radiation Tolerance of Silicon and 
SU-8 as Structural Materials for High-Reliabil-
ity MEMS 
Following the discussion on the environmental challenges which must be faced in 
space applications in Chapter 2, the electrical characterization and strain analysis in the pie-
zoelectrically activated microresonators in Chapter 3, and the analysis of the influence of the 
pressure level inside the cavity on the energy dissipation in the resonators, this chapter de-
tails the tests performed to investigate susceptibility of single crystal silicon to radiation-
induced changes of the Young’s modulus. The aim of the chapter is to investigate the radia-
tion tolerance on the materials level, before the radiation tests on the system level will be 
discussed in the following Chapter 6. In addition to silicon also SU-8 was investigated, a 
commonly used structural MEMS material from the family of polymers. 
Section 5.1 summarizes the radiation related effects in MEMS structural materials relevant 
in this context which were discussed in detail in Chapter 2. In section 5.2 the fabrication of 
the MEMS devices and the experimental setup for the dynamical characterization of the 
resonators is described. This section also contains the test conditions for the irradiations. 
Based on the selected proton energies and fluences the resulting absorbed doses were calcu-
lated. The results of the structural and dynamical investigations after irradiation are reported 
in section 5.3. This section also contains a discussion of the observations, in the context of 
reported radiation effects in silicon and polymers. 
The essence of this chapter is published in T. Bandi, J. Polido-Gomes, A. Neels, A. Dom-
mann, L. Marchand and H. R. Shea, J. Microelectromech. Syst., vol. 22, no. 6, pp. 1395-
1402, 2013 (© 2013 IEEE) and in T. Bandi, J. Polido-Gomes, A. Neels, A. Dommann and 
H. R. Shea, Proc. SPIE, 2013, pp. 86140M (© 2013 Society of Photo Optical Instrumenta-
tion Engineers).  
The initialization of this activity by Dr. Joao Polido-Gomes and Prof. Dr. H. R. Shea is 
gratefully acknowledged. J. Polido-Gomes conducted the fabrication of the silicon and SU-8 
devices as well as the planning and execution of the proton irradiation. The post-irradiation 
characterization of the silicon devices and the irradiation campaign of the SU-8 chips were 
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carried out together with J. Polido-Gomes. The data analyses and writing of the above men-
tioned articles were then carried out by the author of this thesis. 
5.1 Radiation related effects on structural MEMS materials 
As outlined in Chapter 2, micro-electromechanical systems for applications in en-
vironments with high radiation levels must be fabricated from materials that are able to resist 
degradation by ionizing- and displacement damage mechanisms. Ionizing damage causes the 
formation of excitations and electron-hole pairs, inducing charge trapping or altering chem-
ical bonding structures. If the momentum transfer to the target atoms is sufficiently high, 
displacement damage occurs, leading to structural defects in the atomic lattice. Protective 
shielding of microsystems could be envisaged but for radiation-sensitive systems this 
quickly becomes prohibitive in mass and size, outweighing the advantages of miniaturiza-
tion.  
Single crystal silicon is widely used as a structural material in MEMS. It is highly suitable 
for microsystems due to its versatility in fabrication and the high mechanical and chemical 
stability it offers. Radiation-induced damage has been investigated extensively in regards of 
its electrical properties. While being largely immune to ionizing damage, displacement dam-
age has been reported to change minority carrier lifetimes and concentrations in electronic 
components. For a review on this topic see ref. [201]. However, in MEMS devices where 
silicon is used as a structural material, the functionality of the system is much more sensitive 
to changes in Young’s modulus. As described in Chapter 2 the elasticity directly influences 
the vibrational modes of resonant structures which are standard building elements in MEMS 
devices. The mechanical properties are of particular interest in systems exploiting reso-
nances for pressure-, acceleration- or rate-of-rotation- sensing, actuation of devices such as 
micromirrors or resonators for signal processing or conditioning. The accuracy of these sys-
tems is dependent on the stability of the vibrational modes over time (and hence radiation 
dose).  
Related to radiation damage in single crystal silicon, it has been previously reported that the 
resonance frequency of micromirrors had changed shortly after proton irradiation of 1 MeV 
and 4.3 MeV protons at 100 Mrad total ionizing dose [9]. After three weeks the devices had 
recovered the resonance frequency prior to irradiation. This observation was explained by 
the introduction of defects which were mobile at room temperature and therefore annealed 
out after the irradiation. Surface-micromachined polysilicon resonator beams irradiated by 
gamma- and electron radiation have been investigated in [83], [84]. A decrease of the reso-
nance frequency and an increase of resistance were observed. The results were attributed to 
a combination of displacement damage, injection annealing and thermal spike effects. The 
effect of fast neutrons on the electromechanical properties of several materials used in mi-
crosystems has been studied and reported recently [85]. 
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A promising candidate for polymer MEMS is SU-8, which was first developed as a negative 
photoresist but it has quickly been recognized as a promising structural material [202]. The 
large number of crosslinking points in the precursor molecules lead to high chemical and 
mechanical stability of the cured resin. The curing reaction of the epoxy is initiated by ex-
posure to UV, gamma-rays or proton radiation which allows the fabrication of very high-
aspect ratios and 3D-structures [203], [204]. Due to its biocompatibility and mechanical 
elasticity it is a candidate for microfluidics, sensing and actuating applications [205], [206]. 
Radiation tolerance in polymer MEMS devices is often very limited and large changes of 
over 150% in the Young’s modulus of Poly(methyl methacrylate) (PMMA) have been re-
ported after irradiation with 60CO gamma-rays and protons [207]. The effect of neutron ir-
radiation on the hardness of SU-8 coatings, i.e. the ability of the material to resist plastic 
deformation, was investigated in [208]. No significant change of hardness was observed in 
the coating after irradiation. To the best of knowledge, no studies of the influence of proton 
radiation on the mechanical properties of SU-8 MEMS devices have been conducted to date.  
The extent to which a space system is exposed to radiation can be modeled over the full 
lifetime of the system, taking into account the trajectory and the radiation shielding. The 
total ionizing damage dose absorbed by a space system shielded by 4 mm of aluminum is on 
the order of 1 krad/year in low Earth orbits and 10 krad/year in geostationary orbits [62]. 
The total dose level usually requested in the qualification testing of generic EEE parts is 
100 krad [76]. For comparison, the expected ionizing dose of a tracking detector in the 
Large-Hadron-Collider at CERN is 1 Mrad, obtained after 1.5 years of operation, which is 
much higher than most space doses [77]. 
Protons were selected for the irradiation campaign because they are the most abundant ionic 
species of irradiation in space [65], as discussed in section 2.6. The energy of protons lies 
principally between 0.1 MeV and 400 MeV and they are more difficult to shield than elec-
trons and heavier ions. SRIM 2008 [209] simulations show that protons of 10 MeV can 
penetrate 0.6 mm of aluminum. For MEMS material screening they offer the advantage of 
inflicting both ionization damage and displacement damage [62], [76].  
5.2 Experimental 
The resonance frequency is very sensitive to changes in the material elasticity as
EEff /*2/1/   (see section 2.1). By monitoring the radiation-induced change of the 
resonance frequency, the change in Young’s modulus was calculated. This method is an 
elegant way to investigate mechanical properties of materials in structures whose geometry, 
dimensions and fabrication processes are relevant and directly applicable to MEMS technol-
ogy. For the purpose of isolating radiation-induced effects in the materials themselves, the 
device structures were designed such that no additional materials (dielectric, coils, etc.) were 
required for operation and characterization.  
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To investigate the chemical structure of the SU-8 infrared spectroscopy was used. IR-spec-
troscopy exploits the fact that light with specific wavelength excites characteristic vibra-
tional and rotational modes of chemical bonds and functional groups [210]. The absorption 
spectrum of a material therefore allows identifying the chemical bonds and functional groups 
which are present in the system. Attenuated-Total-Reflection FTIR (ATR-FTIR) vibrational 
spectroscopy measurements were performed using a Bruker Hyperion 3000 instrument. The 
infrared absorption was measured in the spectral range between 600 cm-1 and 4000 cm-1. X-
ray diffraction measurements were made on a PANalytical X’Pert Pro MRD instrument. 
5.2.1 Fabrication of silicon cantilevers  
Resonators with lengths of 1.5 mm and 2 mm, width 80 µm, and thickness 50 µm were 
fabricated on Si(001) silicon-on-insulator wafers. The chip substrate formed a frame enclos-
ing an area of 1 cm2. The resonators were patterned into the device layer, pointing inwards 
along the (110) crystal direction (Figure 5.2a). Standard lithography and deep reactive ion 
etching was used to form the resonators. Subsequently they were released by dry etching of 
 
Figure 5.1: Schematic cross-section of the silicon resonator chips. The devices were placed with the device 
layer on the PCB. Conductive tape was used to attach the devices and to electrically connect the device layer 
for electrostatic actuation of the resonators. Design and fabrication by J. Polido-Gomes are gratefully 
acknowledged. (© 2013 IEEE) 
 
Figure 5.2: (a) One type of Single crystal silicon resonator chip (chip is 10 mm on a side, 14 cantilevers), (b) 
different chip with same outer dimensions mounted on a PCB. The PCB contains copper lines for electro-
static actuation of the resonators. (c) SU-8 resonator chip. The size of the chip is 9 mm x 9 mm. Only the 
longest and second-longest SU-8 resonators were used for this research. Design and fabrication by J. Polido-
Gomes are gratefully acknowledged. (© 2013 IEEE) 
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the silicon substrate wafer from the backside followed by a hydrofluoric acid etching step to 
remove the buried oxide. As schematically depicted in Figure 5.1 the chips were placed on 
prited-circuit board (PCB) substrates for testing. The PCB plates were lined with copper 
electrodes for electrostatic actuation of the resonators. Table 5.1 summarizes the geometries 
of the resonators used. Figure 5.2a and Figure 5.2b show a single crystal silicon device chip 
and a silicon chip mounted on the PCB respectively. In addition to the clamped-free canti-
levers also paddle-type resonators were used. This geometry consisted of a rectangular tab 
suspended by a cantilever arm (as shown in Figure 5.2b). Despite the differences in the ge-
ometry always the same component of the elastic modulus tensor was measured because all 
resonators were only operated in the first out-of-plane mode. 
5.2.2 Fabrication of SU-8 resonators 
The polymer devices were fabricated using commercial SU-8 (GM1075) obtained from Ger-
steltec. The fabrication process is schematically shown in Figure 5.3. A sacrificial layer of 
dextran was deposited on a silicon handling wafer. The devices were formed by spinning of 
SU-8 precursor onto the handling wafer, soft-baking at 95 °C, exposure to UV-light 
(200 mJ/cm2) and subsequent post-baking at 120 °C. This process was repeated twice to first 
form the device layer with the resonators and then the chip substrate. After this the un-ex-
posed SU-8 was dissolved in PGMEA (propylene glycol methyl ether acetate). The chips 
were released in de-ionized water and glued on a PCB for handling and testing. During the 
whole test campaign the SU-8 chips were not removed from the PCB support. Piezoelectric 
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elements obtained from NOLIAC A/S were used to actuate the SU-8 beams. The plate actu-
ators (model CMAP 09) were 10 mm large, 10 mm wide and 2 mm thick. The tested reso-
nators were 100 µm wide, 120 µm thick. Their lengths were 0.8 mm and 1.0 mm for the 
clamped-free resonators and 1.0 mm and 1.5 mm for the clamped-clamped beams (Table 5.1 
and Figure 5.2c). 
5.2.3 Resonance characterization 
The dynamical response of the resonators to actuation was determined by Laser Doppler 
Vibrometry (LDV) using a Polytec MVS-400 instrument. A detailed description and char-
acterization of the measurement setup has been reported previously [9]. During the reso-
nance measurements the samples were placed inside a vacuum chamber (p < 3.5 x 10-3 mbar) 
and the temperature was kept constant at 45 ± 0.2 °C after a bake-out at 80 °C. Constant 
temperatures throughout all measurements were used to suppress the effect of temperature 
on the resonance frequency. The bake-out served to minimize the effects of humidity varia-
tions over the duration of the test campaign. A frequency resolution of 0.5 Hz was used on 
the silicon resonators and ≤ 200 Hz on the SU-8 resonators. This was mainly limited by the 
width of the resonance curves. The standard deviation of the resonance frequency in un-
irradiated resonators was determined by repeated measurements and was below 0.05% for 
 
Figure 5.3: Schematic representation of the fabrication process of the SU-8 devices. (a) The process started 
with a silicon wafer that served as a substrate for the fabrication (gray). Next a sacrificial layer of dextran 
was deposited and the spinning of the first layer of SU-8 took place (in light gray and blue, respectively). (b) 
After soft-baking the first SU-8 layer was exposed to the UV-light to define the resonators. Then the post-
exposure bake (PEB) was made. The exposed region is shown in dark blue. (c) Spinning of the second layer 
of SU-8 on top of the first layer. (d) Soft-baking and selective exposure to UV-light was made to form the 
body of the chip. This was followed by the second PEB. (e) The unexposed SU-8 was then developed in 
PGMEA. (e) The dextran layer was dissolved in de-ionized-water to release the chip. (f) For testing the chips 
were attached to a PCB by carbon-loaded tape. Design and fabrication by J. Polido-Gomes are gratefully 
acknowledged. (© 2013 IEEE) 
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the silicon resonators and 0.5% in the SU-8 resonators. Typical resonance frequencies and 
quality factors of the resonators are shown in Table 5.1. The quality factor of the SU8 reso-
nators was comparable to values of SU-8 microresonators reported in literature [211]. This 
indicates that the energy dissipation was dominated by the same mechanism as identified 
there, i.e. intrinsic material damping. The double-clamped cantilevers possessed quality fac-
tors similar to the single-clamped resonators, suggesting that they were not under large in-
ternal tensile stresses, which would result in string-like oscillation characteristics and higher 
Q-factors [211]. The absence of buckling caused by excessive compressive internal stresses 
was confirmed by white-light interferometry (Wyko NT1100). 
5.2.4 Proton irradiation conditions 
SRIM 2008 [209], [69] was utilized to simulate the effect of proton irradiation on the mate-
rials and to calculate the absorbed doses. The total ionizing dose (TID) was calculated from 
the ionizing (electronic) stopping power dEe/dx:  







Φ is the particle fluence and ρ is the density. The Total Displacement Dose (TDD) was 
deduced based on the Non-Ionizing Energy Loss (NIEL) using the Kinchin-Pease relation-
ship [212]:  




















Tn is the threshold energy for vacancy formation. In silicon Tn is 21 eV [212]. For polymers 
it is difficult to estimate the exact displacement damage threshold as they contain more than 
one type of chemical bonds but it typically lies in the range of 10-30 eV [213]. A value of 
28 eV was used for SU-8. These calculations served as a basis for the selection of the proton 
fluences. 
The irradiations were carried out in two campaigns at the Proton Irradiation Facility (PIF) 
of the Paul-Scherrer Institute (Villigen, CH). Each chip, containing several resonators, was 
irradiated under different proton radiation conditions.  
Proton energies of 10 MeV and 60 MeV and fluences between 1011 cm-2 and 1013 cm-2 were 
used for the irradiation of the silicon resonators. The large fluences selected required an 
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adaptation of the dose rate, which was between 109 cm-2 s-1 and 1011 cm-2 s-1. Four chips 
were irradiated and 26 resonators were investigated in total. The activity of the samples 
abated to safe levels three months after proton irradiation, after which the post-irradiation 
measurements were carried out.  
The SU-8 resonators were irradiated using protons of 10 MeV, 19 MeV, 30 MeV, 60 MeV, 
and 200 MeV and fluences between 1010 cm-2 and 3 x 1012 cm-2. To prevent dose-rate de-
pendent effects this parameter was equal for all samples (108 cm-2 s-1). The first measurement 
of the SU-8 resonators was made two weeks after irradiation, when the samples were re-
leased by the irradiation facility. Three months after the irradiation the dynamical character-
ization was repeated. 14 SU-8 chips were irradiated on which a total number of 45 resonators 
were tested. The irradiation conditions of the silicon and SU-8 devices are summarized in 
Table 5.2 and Table 5.3 respectively. 
Table 5.2: Irradiation parameters for the silicon devices. (© 2013 IEEE) 












1 10 1011 1013 5900 1500 7 
2 60 109 1011 14 2 8 
3 60 1010 1012 140 17 4 
4 60 1011 1013 1400 167 7 
Control - - - - - 4 
 
Table 5.3: Irradiation parameters of the SU-8 devices. (© 2013 IEEE) 












1 10 108 1010 7 1.4 4 
2 10 108 1011 74 14.1 3 
3 10 108 1012 740 141 3 
4 19 108 3 x 1012 1360 228 3 
5 30 108 1010 3 0.4 4 
6 30 108 1011 29 3.8 4 
7 30 108 1012 290 38.3 2 
8 30 108 3 x 1012 880 115 4 
9 60 108 1010 2 0.2 4 
10 60 108 1011 17 1.6 4 
11 60 108 1012 170 15.7 3 
12 60 108 3 x 1012 500 472 3 
13 200 108 1010 1 0.02 2 
14 200 108 1012 70 1.8 2 
Control - - - - - 3 
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5.3 Results and Discussion 
5.3.1 Single Crystal Silicon 
In the irradiated silicon no discoloration was observed. The results of the resonance charac-
terization are summarized in Figure 5.4, which shows the relative change in Young’s mod-
ulus of the irradiated resonators.  
Most of the resonators showed a ΔE/E-value similar to the measurement uncertainty, but in 4 
resonators a larger deviation was measured. Two of these resonators were irradiated at 140 
krad and two at 6 Mrad, but none at 1.4 Mrad. In both cases the resonators in question were 
not direct neighbors in the chip and the proton beam was much larger than the sample, thus 
a misalignment of the chip and the proton beam was ruled out as a possible reason for these 
observations. The deviation in the resonance frequency did not smoothly increase with the 
dose (notice the log-scale in Figure 5.4) and the values in question were heavily displaced 
from the majority of data points. Therefore these data points were probably rather related to 
experimental side effects such as airborne dust particles than to radiation-induced change of 
Young’s modulus. The variation of the quality factor tended to increase with the total dose, 
however, the data were not conclusive on this and clearly further experiments must be made 
to clarify the effect of radiation on the resonator damping. As the quality factors of the silicon 
resonators were large, changes of the damping had only a negligible effect on the resonance 
frequency. These results suggest that the Young’s modulus of single-crystal silicon was not 
significantly altered by proton fluences of up to 1013 cm-2 which corresponds to a dose of 
5900 krad TID for 10 MeV protons. 
 
Figure 5.4: Relative change in Young’s modulus of the individual silicon cantilevers after 10 MeV and 60 
MeV proton irradiation. For clarity the number of resonators is indicated where several measurement points 
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It can be pointed out that the doses used in this study were about 100 times higher than 
typical space qualification levels and that possible degradation effects would be expected to 
be amplified accordingly. 
The effect of proton irradiation on the crystal structure was investigated by high-resolution 
x-ray diffraction. The shape and width of the 004-Bragg peak were analyzed. These proper-
ties depend on the quality of the crystal, i.e. the concentration of structural defects such as 
dislocations, vacancies and interstitials and on strain gradients. Figure 5.5 shows the Si(004) 
diffraction peak before and after irradiation, both near the vicinity of the Bragg reflection 
and in a wide-range scan (inset). Neither an increasing diffuse scattering, a peak broadening 
nor the appearance of a peak asymmetry indicating additional crystal defects or strain gradi-
ents were observed. 
This indicated that the proton irradiation did not introduce significant amounts of stable lat-
tice defects unlike heavier ion irradiations as reported before in ref. [59]. In that work the 
effect of irradiation on single-crystal silicon resonant structures was investigated in devices 
irradiated by 5.5 MeV alpha-particles (originating from an 241Am source) to a total fluence 
of only approximately 8.7 x 1010 cm-2. The diffuse scattering observed near the Si(224) re-
flection was attributed to displacement damage. The projected range of 5.5 MeV He+ of 
silicon is 27 μm which is inside the device layer. The high stopping power at the end of the 
ion trajectory leads to higher defect concentrations and terminal subclusters [201] where 
larger and more stable defects are formed [214]. However, due to the large stopping power, 
these He-ions would not reach MEMS inside a spacecraft. 
 
Figure 5.5: HRXRD diffractogram of (004)-reflection of the silicon samples. The graphs shows RC measure-
ments (ω-scans) in the vicinity of the Bragg peak. The FWHM of the reflections is 0.0045°. The inset shows 
a wide ω-scan using a larger step size. Within the experimental uncertainty no significant difference in the 
diffraction patterns was observed. (© 2013 IEEE) 
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5.3.2 SU-8 
No discolorations were observed after irradiation of the polymer samples (Figure 5.7). The 
changes in resonance frequency after irradiation were in the range of -2.7% to 2.1% (maxi-
mum positive and negative change measured in any of the resonators). This corresponded to 
a variation of the Young’s modulus between -5.4% and 4.2%. 
In agreement with observations of the effect of irradiation on polymers reported in litera-
ture [213], [215], the effect of radiation on SU-8 could not be simply related to the total 
ionizing dose or to the total non-ionizing dose. The left graph in Figure 5.6 shows the relative 
change in elasticity versus the proton fluence. No clear trend with regards to the particle 
fluence was observed (Left graph of Figure 5.6). However, the evolution of the resonance 
frequency was found to be correlated with the proton energy and the electronic stopping 
power. 
 
Figure 5.6: Change in Young’s modulus (average and standard deviation of all measured resonators on one 
chip) of SU-8 resonators after proton irradiation. The left graph shows the changes versus the proton fluence. 
The dashed lines are a guide for the eye. The right graph shows the change in elasticity versus the proton en-
ergy, (●) 2 weeks after irradiation and (▲) 3 months after irradiation. Points with equal proton energy are 
devices irradiated at different total fluences. (© 2013 IEEE) 
 
Figure 5.7: Comparison between irradiated SU-8 chip and a reference sample. The left chip has been irradi-
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Figure 5.6 right, shows the relative change in elasticity versus the proton energy. The data 
points with equal proton energy are the samples irradiated at different total proton fluences. 
At proton energies of 30 MeV and higher, a softening of the material was observed (negative 
ΔE/E). At the lowest proton energies (10 MeV and 19 MeV) the Young’s modulus was in-
creased. An exception to this general observation was the sample irradiated at 10 MeV and 
1010 cm-2, where a softening was observed.  
The threshold energy for the crossover from positive to negative ΔE/E was 20-25 MeV which 
corresponded to a stopping power of approximately 3 eV/nm. Although the quality factors 
of the SU-8 resonators were lower than in the silicon resonators, the variation of the quality 
factor did not significantly influence the resonance frequency shifts. 
 Data from the SU-8 control samples  
On the proton-irradiated chips the average and standard deviation of the change in ΔE/E 
between the measurements 2 weeks and 3 months after the irradiation was 0.003±0.006. 
However, on the control chip this difference was -0.015 (see left graph of Figure 5.6), which 
is larger than in any of the irradiated chips. This was caused by one of the three resonators 
on the control chip which showed a large change of the resonance frequency between the 
measurements. It is not possible to prove with certainty whether this was a genuine result or 
if it may have been caused by a dust particle lying on the resonator. However, it can be noted 
that this effect was transient and that the other resonators on the control chip were not show-
ing such a behavior. 
 X-ray diffraction and IR-spectroscopy 
SU-8 was investigated by x-ray diffraction and by ATR-FTIR spectroscopy. The amorphous 
structure of the polymer was confirmed by x-ray diffraction, as shown in Figure 5.8. A halo 
(near-order) peak was observed at 2-Theta angles in the range of 18-20°. No difference in 
 
Figure 5.8: X-ray diffraction pattern of SU-8. The figure shows an un-irradiated sample (blue) and a sample 
irradiated at 3 x 1012 cm-2 at 19 MeV proton energy. No change in the diffraction pattern was observed after 
irradiation. The faint peaks at 32° and 34° are artifacts from the sample holder. 
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the diffractograms was observed after irradiation. This indicates that no crystallization oc-
curred and that the near-order structure of the polymer remained unchanged by the radiation. 
It has already been reported by various authors that FTIR spectroscopy was used to support 
the optimization of SU-8 fabrication parameters, such as temperature, ramp rates and dura-
tion of soft bake and post-exposure bake as well as the exposure dose [216]-[218]. Also it 
has been shown that FTIR can support the functionalization of SU-8 surfaces with various 
molecules for bio-MEMS [219], [220]. Figure 5.9 shows the ATR-FTIR absorption spec-
trum of an un-irradiated SU-8 control sample. Its peak positions and intensities were in qual-
itative agreement with works reported in literature and were assigned to the chemical groups 
according to Figure 5.9 and Table 5.4, based on the analyses made in refs. [216] and [217].  
The peak at 918 cm-1 which was attributed to the epoxy rings was found in the polymerized 
SU-8, indicating that the cured SU-8 still contained epoxy groups, which had not reacted 
during the post-exposure bake. The other two epoxy modes were near other IR bands and 
 
Figure 5.9: Infrared absorption spectrum of an un-irradiated SU-8 sample. 
 
Table 5.4: Infrared spectroscopy peak assignment for SU-8. The peaks were assigned following [216] and 
[217]. 
Peak wavenumber [cm-1] Assignment 
3100-3600 O-H stretch (water) 
2860-2980 Aliphatic C-H stretches 
1610, 1500 Aromatic ring C-C stretch modes 
1470 CH2 bend (scissoring)  
1390, 1365 Aliphatic CH3 doublet bends 
1295, 1180 Aliphatic C-O stretches 
1250, 915, 860 Epoxy ring modes 
1245 Phenol C-O stretch 
1110 Aliphatic C-O stretch (ether bond) 
1035 Aromatic C-H in-plane bend 
830 Aromatic C-H out-of-plane bend 
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were therefore not clearly discernible. The presence of epoxy groups in the cured resin is in 
agreement with the findings reported in [219] where it was observed that the epoxy peaks 
did only completely disappear after an extended hard bake of 16 hours at 200 °C. In [219] 
residual epoxy groups at the surface of the cured SU-8 were used as attachment points for 
functional layers. The concentration of residual epoxy groups was enough to allow the for-
mation of coatings which enabled cell adhesion and growth. In the irradiated SU-8 specimen 
no additional peaks or significant changes of the IR absorption spectrum were observed 
(Figure 5.10). The peak at 918 cm-1 which was attributed to the epoxy rings was also present 
in irradiated samples and its intensity had not significantly changed. This suggests that the 
irradiation did not lead to heavy disintegration or modification of the polymer structure.  
 Radiation-induced degradation in polymers  
In this paragraph radiation-induced degradation mechanisms in polymers are briefly re-
viewed and then the observations on the SU-8 samples are discussed in this context.   
Changes in the structural properties of polymers are caused by ionization, radical formation 
and atomic displacement. All of these processes can lead both to chain scissioning and cross-
linking [213]. The chemical structure of the polymers determines the susceptibility to radia-
tion damage and the dominance of specific radiation effects. For instance, aromatic com-
pounds act as energy sinks due to the electronic delocalization. Transfer of energy from 
excited species to aromatic compounds thus effectively reduces the energy available for 
 
Figure 5.10: Comparison of the IR spectra of an un-irradiated SU-8 chip and two irradiated specimen. The 
spectra are offset vertically for clarity. The red arrow shows the position of the peak at 918 cm-1 which was 
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chemical damage [221]. The average SU-8 precursor molecule is based on four ‘Bi-
sphenol-A’-like subunits, each of which contains two aromatic rings. This may contribute to 
the good radiation tolerance of SU-8. Energy dissipation in the form of heat increases the 
mobility of active species and can influence the defect formation and annealing as well as 
the chemical reactions occurring. A significant heating effect during the irradiation of SU-8 
was ruled out by analysis of the SRIM stopping power calculations: Under the (unlikely) 
assumption that all ionizing energy was transformed into thermal energy and that the full 
dose was applied instantaneously the change of temperature at the highest fluences was 19 
K in SU-8 (80 °C in the silicon devices).  
The degree of damage imparted by electronic and nuclear stopping depends on the mass and 
energy of the impinging particles. Table 5.5 shows the stopping powers of protons in SU-8, 
as determined from SRIM calculations. The highest vacancy formation rate due to the pass-
ing H+-ions and the recoil atoms occurred at 10 MeV and was ~10-5 vacancy/nm. Thus, 
although the nuclear displacement leads to chain disruptions and therefore can contribute to 
structural modifications, the effect of nuclear damage was very low in the present case and 
was assumed to be negligible in the tests. 
Electronic stopping causes the formation of excited and ionized species. The susceptibility 
of polymers to irradiation has been reported to be dependent on the extent of electronic stop-
ping power dEe/dx i.e. the amount of energy converted to excitations and ionization per unit 
path length of the particle trajectory (similar to the effect of ionizing damage in dielectrics 
as discussed in section 2.6). Such observations are also referred to as ‘LET effects’ as the 
total stopping power dE/dx is closely related to the linear energy transfer (LET). The LET 
describes the energy loss from the perspective of the particle, whereas the stopping power is 
a measure of the energy absorbed by the material. LET-dependent radiation effects, in which 
the observed damage is correlated to the electronic stopping power of the radiation were 
investigated in various polymers including aromatic and aliphatic compounds [213], [215], 
[222], solid alanine [223] polystyrene and polysilanes [224], [225]. However, [226] reported 
similar effects on the elongation to break in Ultem and Kapton irradiated by three different 
types of radiation, namely 3 MeV protons, 2 MeV electrons and gamma-rays. Thresholds 
for the appearance of LET effects were also reported. In PMMA the critical LET value was 
Table 5.5: Parameters of proton-irradiation damage in SU-8: Column1 contains the electronics stopping 
power and column 2 the nuclear stopping power. These parameters were calculated using SRIM 2008. (© 
2013 IEEE)  
Radiation dEe/dx (eV/nm) dEn/dx (eV/nm) 
10 MeV H+ 5.6 1.0 x 10-3 
30 MeV H+ 2.2 2.9 x 10-4 
60 MeV H+ 1.3 1.2 x 10-4 
200 MeV H+ 0.5 1.4 x 10-5 
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found to be 15 eV/nm. Below the threshold LET the scissioning efficiency was fairly con-
stant. At higher stopping powers the scissioning efficiency was reduced [213], [215], which 
was related to elevated crosslinking efficiency due to higher ionization densities. LET 
thresholds were observed to be lower in aromatic polymers than in aliphatic com-
pounds [222], [227].  
LET effects have been explained by overlapping of ion tracks (inter-track effects) or by in-
teractions between ionization events caused by the same ion (intra-track effects). The onset 
of track overlapping has been reported to occur at fluences of 1012 cm-2 to 1013 cm-2, depend-
ing on the particle LET [215], [223], [228]. As deviations of the Young’s modulus were 
already observed at lower fluences in this work, it was assumed that the observed change in 
elasticity was related to the concentration of ionizations within single tracks and the follow-
ing scenario appears to be most realistic: At high energies, i.e. lower stopping powers, the 
ionizations were isolated events and chain-scissioning dominated. Lower energy protons 
which deposited more energy in their track created higher concentrations of active species 
and favored crosslinking. The threshold for the dominance of one over the other process was 
found to be at proton energies of 20-25 MeV (see right graph in Figure 5.6), corresponding 
to a stopping power of approximately 3 eV/nm. This value is comparable to the findings of 
a previous study of poly(di-n-hexylsilane) where a threshold value of 10 eV/nm was re-
ported [225].  
Although the LET is a valuable concept for quantifying the energy deposited in ion tracks, 
it ignores the density distribution of the absorbed energy, which determines the distribution 
and concentration of active species in the material [224]. A theory which allows estimating 
the track radii of ions in water has been proposed in [229]. In this approach the energy dis-
tribution around the track is considered to be separated into the ‘core’ and the ‘penumbra’ 
regions. The radius of the core region delimits the area in which the initial electronic excita-
tions occur. Creation of secondary electrons (δ-rays) leads to a transport of energy into the 
penumbra region. The total average energy density ρ(r) deposited within a specific radius r 
around the ion track is [225]:  

























The core and penumbra radii are denoted by rc and rp respectively and e is an exponential 
factor. In a given target the variables rc, rp and e depend on the particle velocity only and 
were given for water in ref. [229]. Figure 5.11 shows ρ(r) for the proton irradiation at the 
energies used in the irradiation campaign (assuming that the parameters given in [229] are 
valid in SU-8 as well). In the single-track model the threshold proton energy of 20-25 MeV 
corresponds to a ρ(rc) of 0.09-0.12 eV/nm3. In case track overlapping had played a significant 
role, the actual energy density threshold could be higher because of the accumulation of 
energy and active species by several ions passing the same volume. 
Chapter 5 Proton-Radiation Tolerance of Silicon and SU-8 
113 
However, it is argued here that the critical energy density ρ(rc) obtained by the single track 
model explains the obtained results best, as explained in this paragraph. A model for esti-
mating the probability of track overlapping has been proposed in [230]. The total fractional 
area covered by ion tracks [224] and the probability of n-fold track overlapping is calculated 
based on the track cross-section and the total fluence. Applying this approach to the data 
(setting the track radius to rc) indicates that at the lowest fluences (1010 cm-2) track overlap-
ping was negligible at all proton energies. For the 10 MeV protons a significant hardening 
was already observed at a fluence of 1011 cm-2 at which less than 3% of tracks were overlap-
ping. At a fluence of 1012 cm-2 the track overlapping was over 99% for the 200 MeV protons 
and 25% for the 10 MeV protons, reflecting the different track sizes. Other publications 
reported the track overlapping to occur at fluences of 1012 cm-2 to 1013 cm-2, depending on 
the particle LET [223], [228], [215]. This suggests that at high proton energies and high 
fluences track overlapping did occur, however, the accumulated energy density was still be-
low the threshold for the dominance of cross-linking over scissioning.  
It is of value to also compare the critical energy density with the polymerization reaction of 
SU-8: the activation energy for the SU-8 polymerization has been reported to 
be 14.56 kJ/mol [231]. This corresponds to 0.15 eV per monomer. The density of SU-8 
is 1218 kg/m3 [232] (of which 10 wt% photoacid [202]) and the average molecular weight 
of one SU-8 unit is 1.4 kDa (assuming an average molecular formula of C88O16H100). The 
volume taken by a single unit of SU-8 therefore is approximately 2.2 nm3 and the threshold 
energy density deposited on a single SU-8 monomer is 0.15 eV / 2.2 nm3 = 0.07 eV/nm3. An 
underlying assumption is that the solvent content of the final polymer is negligible. This 
estimation shows that the activation energy density for polymerization is on the order of the 
critical energy deposition density ρ(rc) which was determined from the change in elasticity 
in the irradiated SU-8 samples as shown above. One possible hypothesis is that the proton 
 
Figure 5.11: Average density of energy deposition around particle track of different proton energies. The 
track core radius rc is shown as a filled circle. Inside the track core radius the energy density is homogeneous. 
At higher radii the energy density is determined by secondary electrons and decreases monotonically. 
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irradiation could have caused stiffening in the material by inducing further epoxy crosslink-
ing reactions. Such a mechanism would require the presence of epoxy groups in the hardened 
resin. This is supported by the FTIR-spectroscopy measurements (Figure 5.9 and Figure 
5.10) in which the peak assigned to the epoxy groups was present in the cured resin.  
Although this scenario qualitatively fits the experimental observations and is in agreement 
with concepts reported in literature, several uncertainties remain. For instance, the change in 
Young’s modulus was correlated with the proton energy but at a given energy no clear trend 
with the proton fluence was found. In addition, the observed effects were small 
(|ΔE/E| ≤ 5.5%), not much larger than the experimental variance. Therefore more detailed 
investigations would be required to clarify the fundamental processes by which proton radi-
ation interacts with SU-8. 
5.4 Conclusions 
In the presented experiments the susceptibility of the Young’s modulus of single 
crystal silicon and SU-8 MEMS structures to proton radiation damage was systematically 
investigated. Microfabricated silicon resonators were irradiated with proton beams of energy 
10 MeV and 60 MeV and doses up to 1013 cm-2. No changes in the resonance frequency or 
Young’s modulus were observed. Investigations using high-resolution x-ray diffraction 
methods did not indicate the presence of elevated levels of structural defects or strain gradi-
ents within the material. The obtained results thus suggest that the elasticity of single crystal 
silicon is highly stable at proton radiation levels comparable to many years in most orbits 
around the Earth.  
The Young's modulus of SU-8 was found to vary less than ±5.5% at proton fluences of up 
to 3 x 1012 cm-2. A correlation of the sign and degree of change in elasticity with the proton 
energy was observed. It was put forward that this is related to the radiation stopping power 
and the energy which is deposited in the ion tracks and a possible model for explaining the 
experimental results was proposed. In this approach the dominance of either cross-linking 
or scissioning was related to the energy deposited in the ion tracks. Chain-scissioning dom-
inated above the threshold energy of 20-25 MeV whereas at lower energies the stopping 
power was sufficiently high to establish active species concentrations which allowed further 
crosslinking. Further investigations are required to clarify the processes on the molecular 
level. Nevertheless, the SU-8 resonators remained intact and fully functional, showing that 
the polymer is highly tolerant to proton irradiation.  
The measurement of the dynamical properties of micro-resonators is a powerful method for 
the investigation of material properties in structures relevant to microsystems technology. 
This work shows that single crystal silicon and SU-8 are tolerant to high doses of proton 
radiation and are very well suited for MEMS in space applications. The selected geometry, 
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fabrication process and operation mode add to the relevance and allow for transferability of 
these results to other types of MEMS devices. 
 

   
Susceptibility of Piezoelectrically Activated 
MEMS to Radiation Damage and Mechanical 
Loads  
With the encouraging results from the radiation tests on the single-material resona-
tors in mind, this chapter takes the step from the material level to the system level. The 
reliability analyses which were performed on the piezoelectrically activated tuning fork res-
onators presented in Chapter 3 are reported in the following.  
The relevant radiation conditions for space applications and the consequential choice of ra-
diation sources have been discussed in section 2.6. The next section contains the detailed 
specifications of the radiation and mechanical tests which were selected for the environmen-
tal test campaign. At the end of this chapter the results are presented and discussed. 
The essence of this chapter is published in T. Bandi, J. Baborowski, A. Dommann, H. Shea, 
F. Cardot and A. Neels, Proc. SPIE, 2014, pp. 89750I (© 2014 Society of Photo Optical 
Instrumentation Engineers).  
6.1 Environmental test conditions 
The materials in the piezoelectrically activated silicon resonators which were sup-
posedly most susceptible to radiation damage are the silicon-dioxide and the piezoelectric 
AlN. Charge accumulation in these layers could lead to biasing of the piezoelectric material. 
This would reduce the driving force of the actuator and thus higher driving voltages would 
be required to drive the resonator. Trapped charges in the piezoelectric layer could affect the 
resistance and capacitance of the AlN. With regards to the silicon which makes up for the 
bulk of the tuning fork tines and dominates their mechanical properties, a displacement-
damage induced change in Young’s modulus may be possible. However, as described in 
Chapter 5 experimental evidence suggests that single-crystal silicon is highly resistant to 
such an effect. 
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6.1.1 60Co Total Ionizing Dose test 
The irradiation of the resonators with γ-rays from a 60Co-source was carried out to study the 
susceptibility of the devices to ionization damage and charge trapping in the functional lay-
ers. The radiation campaign was conducted following a radiation test plan based on the 
ESCC radiation test procedure [76]. A total number of 28 devices were irradiated and 3 
devices were used as a non-irradiated control group. The total ionizing doses to which the 
devices were exposed ranged from 3 krad(Si) to 170 krad(Si). Four samples were irradiated 
at each irradiation level. Biasing can significantly influence the radiation tolerance of mi-
crosystems because the electric field influences the probability of initial recombination of 
electron-hole pairs and the buildup of charge in dielectrics [67], [233]. To test different bias 
conditions, two devices in each group were floating (non-defined potential) and two were 
biased at 50mV (defined potential), which corresponds to the AC voltage applied during 
operation.  
The devices were electrically characterized directly after the irradiation. The electrical char-
acterization was subsequently repeated after one week and after 4 weeks. The devices were 
annealed at room temperature between the measurements.  
6.1.2 Proton irradiation 
Proton irradiation simultaneously inflicts ionizing and non-ionizing damage as discussed in 
section 2.6. For radiation tests with protons it is essential to ensure that the protons fully 
penetrate the device package and reach the radiation-sensitive parts. The penetration depth 
increases with the ion energy. On the other hand, the stopping power, which (along with the 
flux) determines the duration of the irradiation, is inversely related to the ion energy. There-
fore, a compromise needed to be found with regards to the penetration depth, the relevant 
energy range and the stopping power.  
Using SRIM-2008 [209] the proton irradiation of the packaged devices was simulated. In 
this model the sample structure consisted of a simplified material stack of 0.5 mm Pyrex, 
20 μm air and 0.48 mm Silicon. The resonators were located at the surface of the silicon 
layer, right below the air gap. A proton energy of 50 MeV resulted in full penetration of the 
protons into the device and over 99.9 percent of ions fully crossed the simulated layers (Fig-
ure 6.1). In the simulations 106 ion impact events were calculated. The effect of the cap was 
to reduce the energy of the protons on their trajectory towards the silicon microresonator due 
to the energy losses in the Pyrex. As the stopping power increases with decreasing ion en-
ergy, the energy loss in the silicon was slightly higher in the shielded devices than it would 
be in directly irradiated silicon (Figure 6.2). However, the difference of only 2% lied within 
the uncertainty of the beam flux and energy, therefore the effect of shielding by the cap was 
negligible. Adding the AlN and the other functional layers had an even smaller influence on 
the stopping power of the protons (<< 1%). 
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In total, 19 resonator devices were used for the irradiation campaign. They were repartitioned 
into 6 sample groups which were irradiated at different doses (Table 6.1). One sample group 
was used as an un-irradiated reference. The MEMS components were floating during the 
irradiation and the post-irradiation annealing. In each sample group (except group 2) one 
device was biased at 200 mV during the irradiation.  
The proton flux was approximately 1 x 108 p+ cm-2 s-1 and the proton energy was 50 MeV. 
At these conditions the stopping power (i.e. the energy deposited per unit path length) was 
0.23 eV/Å near the irradiated surface (Figure 6.2). The corresponding dose rate of 16 rad/s 
resulted in an irradiation time of 62 s for 1 krad.  
 
Figure 6.1: Results from SRIM 2008 simulations of the MEMS package, showing the trajectories of the pro-
tons hitting the sample. The protons enter the sample cap at x = 0 and then penetrate the device (0.5 mm glass 
/ 5 µm air gap and 0.48 mm silicon).  
 
 
Figure 6.2: Comparison of the stopping power [eV/A] of directly irradiated silicon (dotted line) in compari-
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The electrical characterization of the devices was made directly after the irradiation and re-
peated 3 days and 2.5 weeks thereafter. Between the measurements the devices were an-
nealed at room temperature. 
6.1.3 Mechanical tests 
The aim of the mechanical vibration and shock tests was to evaluate the stability of the de-
vices under the mechanical loads which may be encountered during assembly, transport and 
operation. For space applications the most significant events occur during take-off, stage-
separation and landing. The test procedures carried out were based on the ECSS standard 
ECSS-E-10-03A [89] and the Military Standard 883H [234]. 
The effect of mechanical shock on the functioning of the resonators was tested using a L.A.B 
SD-10 free fall shock tester. The specifications of the test procedure are shown in Table 6.2. 
For both directions of three orthogonal axes the samples were subjected to three consecutive 
shocks so that the total number of shocks at every test level was 18. After each shock level 
the samples were optically inspected and electrical impedance measurements were carried 
out.  
After the mechanical shock tests the devices were exposed to mechanical vibrations, which 
were based on the ECSS test standard [76]. For each of three orthogonal axes the devices 
were tested with sinusoidal vibrations followed by random vibrations. Sinusoidal vibrations 
were applied in the frequency range between 5 Hz and 100 Hz. The test frequency was swept 
from 5 Hz to 100 Hz and back at 2 octaves per minute and the acceleration parameters used 
are defined in Table 6.3. In the frequency range between 20 Hz and 2000 Hz random vibra-
tion was applied. A root mean square acceleration of 37 g was imposed during 2.5 min for 
each axis. The vibration tests were conducted on a TIRAvib TV 50350 instrument. 
Table 6.1: Sampling of piezoelectric resonators in the proton irradiation 









Group 1 50 1 x 108 6.3 x 1010 10 4 1 biased (200mV) 
Group 2 50 1 x 108 1.3 x 1011 20 2  
Group 3 50 1 x 108 2.5 x 1011 40 3 1 biased (200mV) 
Group 4 50 1 x 108 5.0 x 1011 80 4 1 biased (200mV) 
Group 5 50 1 x 108 9.5 x 1011 150 3 1 biased (200mV) 
Group 6 - - - - 3 Control 
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6.2 Results 
No change of the optical appearance was observed after the irradiation tests. The 
resonance characteristics of the devices after 60Co irradiation and after proton irradiation are 
shown in Figure 6.3 and Figure 6.4, respectively. In both figures the left graph displays the 
relative change of the resonance frequency while the right graph shows the absolute change 
of the quality factor, relative to the state before irradiation. Each data point in the graphs 
corresponds to one resonator measured at one time after the irradiation. The areas shaded in 
gray limit the values which lie within one standard deviation of the repeatability of the meas-
urement technique13.  
The irradiation did not induce a significant change in any of the measured parameters neither 
for the proton irradiation nor for the γ -rays. No difference was found between the floating 
and the biased devices. Moreover also after one week and after four weeks no deviations in 
the resonances were observed. 
Although the resonance frequencies and quality factors measured after irradiation were 
mostly within one standard deviation of the experimental repeatability, the irradiated devices 
showed a higher scattering of the measurement points than the control specimen, especially 
                                                                
 
13 This mode of presenting the data was chosen in order to optimize the readability of the graphs. The width 
of the shaded area corresponds to the error bars on each of the measurements, hence the data points within 
this area did not differ from the initial value by more than the repeatability uncertainty. 
Table 6.2: Parameters of the mechanical shock tests 
Test level Peak acceleration [g] Pulse duration [ms] 
1 500 1 
2 1500 0.5 
3 2000 0.3 
4 3500 0.3 
 
Table 6.3: Parameters of the sinusoidal vibration tests. The test was made without notching. The parameters 
were adopted from the ECSS-E-10-03A standard [89]. 
Frequency [Hz ] Test level  
5-21 22 mm (peak-to-peak) 
21-60 20 g (0 - peak) 
60-100 6 g (0 – peak) 
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the in the Q-factors after the proton irradiation tests (Figure 6.4). Further experiments, pref-
erably at higher doses, would be required to assess the repeatability of this observation and 
clarify the fundamental processes by which radiation damage is induced and accumulated in 
the system. Nevertheless, these results indicate that the tuning fork resonators are highly 
resistant to ionizing damage and may perform well under radiation conditions relevant for 
space applications.  
6.2.1 Mechanical tests of tuning fork resonators 
Figure 6.5 shows the resonance frequency and quality factor of the tested devices after each 
test level. Again, the left graph shows the relative change of the resonance frequency and 
the right graph shows the absolute change of the quality factor, relative to the state before 
irradiation. Each data point in the graphs corresponds to one resonator, measured after each 
Figure 6.3: Resonance characteristics of the tuning fork resonators after irradiation with 60Co γ-rays. The x-
axis denotes the absorbed dose. (Left) Relative change in the serial resonance frequency (Right) Absolute 
change of the quality factor, relative to the pre-irradiation value, which was about 20000. (◊ Directly after the 
irradiation, □ 7 days after the irradiation, and ∆ 4 weeks after the irradiation). 
 
Figure 6.4: Relative change of the anti-resonance frequency (left) and absolute change of the quality factor 
(right) during the proton irradiation campaign, relative to the pre-irradiation value, which was about 20000. 
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of the mechanical test levels. The areas shaded in gray limit the values of ∆fres/f and ∆Q 
which lie within one standard deviation of the repeatability of the measurement. The results 
obtained indicate that the mechanical loads have not caused a significant degradation of the 
devices and that the specimens have remained unaffected by the tests.  
6.3 Discussion 
The piezoelectrically activated tuning fork resonators fabricated by CSEM present 
a very good resistance to irradiation both for ionizing radiation and displacement damage 
effects. The resonance frequencies did not significantly deviate from the pre-irradiation val-
ues within the experimental uncertainty, which were ±11 ppm and ±75 ppm for the gamma-
ray tests and the proton tests, respectively. This is explained by the fact that the MEMS 
device is not dependent on electrostatic actuation, where charge trapping by dielectrics can 
induce serious degradation of the device performance [62]. In the tuning fork devices tested 
here, a charge trapping could lead to screening of the actuation voltage. However, only small 
energies are required to actuate the tuning fork in its resonance, and the doses tested did not 
induce measureable deteriorations of the actuation mechanism. The results also confirmed 
that the ionizing damage and displacement damage have only little effect on the Young’s 
modulus of the materials, most notably on the silicon, which accounts for the bulk of the 
tuning fork tines and dominates the mechanical properties of the resonators. The measure-
ment uncertainty was also significantly improved in comparison to the single-material reso-
nators presented in Chapter 3 where the measurement uncertainty was 0.5% (but where on 
the other hand much higher doses were used). In the Cobalt-60 irradiation campaign the 
uncertainty was ±10 ppm and in the proton irradiation tests it was ±75 ppm due to the need 
to use another test instrument, as discussed in section 3.2.  
The quality factors of the resonators did not significantly shift either, however the repeata-
bility was not optimal; the measurement uncertainty was about 3% of the absolute Q-factor 
 
Figure 6.5: Resonance characteristics of the tuning fork resonators after mechanical shock and vibration tests. 































Chapter 6 Reliability Aspects of Piezoelectrically Activated Silicon Tuning Fork Resonators 
124 
value for the gamma-ray tests and 12% for the proton tests. It would be of great interest to 
further study the influence of radiation on the damping in MEMS materials and the under-
lying mechanisms. Resonators with high quality-factors, and hence minimized intrinsic 
damping, would be especially suited for this purpose [238]. 
The mechanical tests of the resonators have shown that the devices are resistant to high levels 
of mechanical shocks up to 3500 g and vibrations of up to 37 grms.  
6.4 Chapter Summary 
In this chapter the effect of space-relevant radiation and mechanical loads on silicon 
tuning fork resonators driven by piezoelectric AlN has been investigated. It was found that 
the devices were highly resistant to radiation induced degradations of doses of up 
to 170 krad(Si) ) up to which no degradation was observed within the experimental uncer-
tainty. This indicates that the system as a whole, but also the silicon, which makes up for the 
majority of the resonator volume, is highly tolerant to radiation damage. In addition, the 
devices were immune to mechanical shocks of up to 3500 g and vibrations of 37 grms. This 
work supports the efforts taken towards design and fabrication of highly reliable MEMS 
devices and demonstrates that silicon tuning fork resonators may be well suited for space 
applications.  
 
   
Conclusions 
The study was set out to explore the analysis of the mechanical properties of MEMS 
structural materials and their reliability under environmental hazards. Although countless 
microsystems have been developed in recent years, several vital questions related to the re-
liability of MEMS systems and MEMS materials remain open to date. Two topics which 
merit special attention were at the center of this study. Firstly, it is crucial to deepen our 
understanding of the influence of the packaging on the functioning and the reliability of 
microsystems. Packaging is of utmost importance to protect the device from its environment 
and prevent contamination and corrosion. In addition, the integration of the packaging into 
the fabrication process on the wafer-level can lead to a significant reduction of process time 
and cost. On the other hand, a miniaturized packaging gives rise to new challenges including 
the difficulty to measure the leak rate of the package and the proximity of structural elements, 
which influences the strain distribution in the system and leads to additional air damping by 
air being squeezed in small gaps. The second area of interest is the reliability of microsys-
tems under the harsh environmental conditions imposed by space applications. MEMS offer 
huge advantages over macrosystems in space applications, most notably the significant re-
duction of mass and energy consumption. However, in order to successfully penetrate the 
space market, the reliability of MEMS needs to be improved and – what is easy to be for-
gotten, but what ultimately makes the difference – proved. The study sought to answer three 
questions out of this area of interest: 
A) Is high-resolution x-ray diffraction a suitable method for investigating the packaging-
related strain in microsystems?  
B) How is the elasticity of MEMS structural materials affected by space-relevant radia-
tion doses? 
C) Is it possible to analytically describe the pressure dependency of the resonance char-
acteristics of tuning fork resonators which are in close vicinity to the package? 
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7.1 Synthesis of thesis findings 
The main findings were summarized within the respective chapters: Chapter 3 on 
the design, characterization and structural analysis of piezoelectrically activated silicon tun-
ing fork resonators; Chapter 4 on the air damping in tuning fork resonators, Chapter 5 on the 
investigation of the elasticity of silicon and SU-8 exposed to proton radiation and Chapter 6 
on the reliability of piezoelectrically activated silicon resonators under space-relevant radi-
ation levels and mechanical loads. This section will synthesize the empirical findings to an-
swer the study’s three research questions. 
A) Is high-resolution x-ray diffraction a suitable method for investigating the packaging-
related strain in microsystems?  
Packaging-induced stresses and residual stresses from fabrication can pose a serious 
threat to the long term functioning of microsystems. High-resolution x-ray diffrac-
tion allows analyzing the crystal lattice with high precision. This is especially bene-
ficial in the case of single crystals with low defect- and impurity concentrations such 
as silicon, germanium and sapphire. In such systems, strain levels on the order of 10-
4 and below can be analyzed routinely using laboratory HRXRD equipment. The 
stress equilibration between adjacent structures allows using HRXRD as a tool for 
also measuring the stresses in amorphous layers and layers with lower crystalline 
quality. In this study, advantage has been taken of the high penetration depth of x-
rays to nondestructively investigate the strain in buried structures, namely the strain 
distribution near the bonding interface of an Au-Sn solder.   
As a direct consequence of the deep penetration of x-rays into the material, the meas-
ured diffraction pattern is the sum of the diffraction intensity distribution of a rela-
tively large volume of several tens of cubic micrometers. This makes the interpreta-
tion of reciprocal space maps difficult. The use of finite element analysis to simulate 
the strain distribution in the system and the calculation of diffraction patterns based 
thereon allows comparing the experimental RSM’s with models. Simulated recipro-
cal space maps were used to interpret structural features related to the complex de-
formation fields and to investigate the influence of individual parameters of the sys-
tem on the strain distribution and the diffraction pattern. A limitation was that re-
strictions on the model size and computation resources have limited the accuracy of 
the FEA model. In addition, the utilized technique to calculate the diffraction pattern 
does not capture all relevant aspects of diffraction. Nevertheless, the obtained results 
were in good qualitative agreement with the experiments which underpins the suita-
bility of the approach. 
B) How is the elasticity of MEMS structural materials affected by space-relevant radia-
tion doses? 
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This question was approached in two steps. At first, the susceptibility of single-crys-
tal silicon and SU-8 resonators to proton-radiation induced degradation was investi-
gated in single-material resonators with contactless actuation and readout. Both ma-
terials are in widespread use for microsystems structures, and for successful deploy-
ment in space applications the stability of the mechanical properties must be ensured 
over the full device lifecycle. Effects of space-relevant proton doses were examined 
by monitoring minute changes in the Young’s modulus and by structural investiga-
tions using x-ray diffraction and FTIR spectroscopy. Single crystal silicon resonators 
were exposed to 10 MeV and 60 MeV protons with doses up to 1013 cm-2, corre-
sponding to 5.9 Mrad. Even at the highest doses neither a change of the Young’s 
modulus was observed nor did x-ray diffraction indicate the formation of elevated 
concentrations of structural defects. The compatibility of SU-8 with in-orbit radiation 
environments was investigated at fluences of 1010-1012 cm-2 using protons with en-
ergies ranging from 10 MeV to 200 MeV. Its elastic modulus changed by less than 
5.5% at the highest doses.  
Going over from the materials level to a complete microsystem, the susceptibility of 
piezoelectrically activated silicon tuning fork resonators to proton and gamma-irra-
diation was investigated. A very good radiation tolerance was observed, with no sig-
nificant degradation at doses of up to 170 krad. 
C) Is it possible to analytically describe the pressure dependency of the resonance char-
acteristics of tuning fork resonators which are in close vicinity to the package? 
The influence of air damping on the quality-factor and the resonance frequency of 
tuning forks encapsulated on the wafer level has been analyzed theoretically and ex-
perimentally from the free molecular regime to the viscous damping region. The 
pressure-sensitivity of the resonators was characterized by measurements of the res-
onance frequency and the quality factor as a function of the air pressure from 10-3 
mbar to 1 bar. The resonators were found to be highly suited for leak rate measure-
ment down to 10-14 mbar l s-1. 
In this work two contributions to the understanding of air-damping in microstructures 
are made: The first is a refinement of the molecular damping model proposed by Bao 
and coworkers [178]. Molecular dynamics simulations of squeeze-film air damping 
reported in literature have indicated that Bao’s model underestimated the damping. 
In this study, Bao’s model was refined to account for additional parameters such as 
the variation of the gap width and the velocity variation of the resonator over the 
oscillation cycle. A significantly improved agreement with experiments was found. 
A limitation of the methodology is related to the assumption of purely elastic and 
specular scattering of the gas molecules on the surfaces. Secondly, the ‘string of 
beads’ theory commonly used to describe the damping of microresonators in the vis-
cous regime was adapted using a phenomenological correction factor to account for 
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the geometry of the beams. The results of the models were compared to experimental 
measurements and good agreement was found.   
The models presented deepen the understanding of the damping effects in the eco-
nomically important tuning fork resonators and support the co-design of the resona-
tors and the surrounding package.  
7.2 Implications of the findings 
Firstly, the measurement of the dynamical properties of single-material microreso-
nators was shown to be a powerful method for the investigation of material properties in 
structures relevant to microsystems technology. The selected geometries, fabrication pro-
cesses, and operation modes add to the relevance and allow for a direct transfer of the results 
presented in this study to other types of MEMS devices. These results indicate that single 
crystal silicon and SU-8 are very well suited for space applications regarding their radiation 
tolerance and that the elasticity of the two materials can be considered to remain constant 
under space-relevant doses for most applications. In addition, it was also found that piezoe-
lectrically activated silicon microresonators using AlN thin films are highly resistant to ra-
diation damage.  
Secondly, in spite of the limitations discussed above, it has been shown in this case study 
that HRXRD is a powerful method providing key information on stresses in microelectro-
mechanical systems and supplements other analysis techniques applied in microtechnology. 
The possibility to access information on the strain distribution in sub-surface structures at a 
depth of up to approximately 100 µm, and the nondestructive nature of the technique under-
pin the practical suitability of HRXRD for quality control during the development, fabrica-
tion, packaging and testing of microsystems. 
Finally, an improved framework for the analysis of air-damping in microresonators and their 
packages has been presented. These findings deepen the understanding of air-damping in 
MEMS and extend the range of tools available for the prediction of the performance of mi-
croresonators in the design phase, both related to pressure sensitivity in pressure sensors or 
hermeticity test structures and on the allowable pressure inside a cavity of other resonant 
structures.  
7.3 Research perspectives 
In summary, it is especially noteworthy that the reliability of microsystems is a 
multifaceted problem. For instance, the radiation tolerance is determined by the individual 
materials, but also by the interaction between adjacent materials. In addition, packaging pro-
vides protection to the device but also gives rise to additional damping, strains and limits the 
interaction with the environment.  
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Attaining the goal of exploiting the full potential benefits of HRXRD may be facilitated by 
exploring the following strategies: 
- The strain and rotation components obtained from the finite element analysis could 
be used as an input to computer programs which account for the dynamical diffrac-
tion effects, i.e. based on the Takagi-Taupin equations [235], [236].   
- In addition, there is need for more case studies of the measurement of strain in bur-
ied structures such as embedded dies and (wafer-level) die packages. The combina-
tion of HRXRD with environmental tests such as temperature, pressure and humid-
ity (i.e. accelerated aging) would be of special relevance to investigate the strain 
distribution and its dependence on the respective environmental parameter in-situ. 
The single-material resonators with contactless actuation and readout offer great potential 
for the investigation of the mechanical properties of MEMS materials. In this context it 
would be especially beneficial to conduct more studies on:  
- the variation of the elasticity of other important structural MEMS materials (SiC, 
III-nitrides and silicon) especially at higher radiation doses such as they are en-
countered in nuclear fission and fusion reactors,  
- the stability of the Poisson’s ratio of materials under harsh environmental condi-
tions using torsional resonators, and 
- the influence of the oxygen plasma in low Earth orbits on MEMS materials [237], 
most notably polymers,  
- the influence of radiation on the damping in MEMS materials and the study of the 
underlying mechanisms. Resonators with high quality-factors, and hence mini-
mized intrinsic damping, would be especially suited for this purpose [238].  
In addition, it would be of great interest to further investigate the limits of silicon resonators 
with regards to the frequency stability and the possibility to replace quartz oscillators by 
silicon also in high-end applications. An evaluation of different silicon-based actuation tech-
nologies (thermal, electrostatic or piezoelectric actuation) under space-relevant conditions, 
most notably thermal stresses and radiation would be of particular benefit in this regard.  
 
 
In conclusion, it can be stated that the fabrication processes, operation modes, materials and 
failure modes of microsystems define a vast landscape in which many areas still remain 
uncharted to date. It is crucial to approach a system from different perspectives to construct 
a global picture of the systems properties, its weaknesses and its strengths. This thesis at-
tempted to contribute to the mapping of the unexplored areas in this landscape and to support 
the development of microsystems which reach their full potential.

 A. Appendix 
Nonlinear 3-Point and 4-Point Bending for 
MEMS Mechanical Strength Investigations 
and Fabrication Process Qualification 
In this appendix the efforts made on the development of an instrumental setup and 
a theoretical analysis of non-linear 3-point and 4-point bending are presented. The applica-
tions targeted were specimens with sub-mm width and thicknesses of 50-500 μm. For in-
stance, microfabricated structures used in mechanical watches or macro-MEMS (3D sensors 
and actuators made from 2D building blocks fabricated from wafers [239]) can have such 
small dimensions and experience very high levels of mechanical strain during assembly and 
operation. In addition, the constant device miniaturization in advanced technologies leads to 
dies size which are smaller than 1 mm2 and which are fabricated on ultrathin wafers, for 
instance in supervisory and RFID circuits. 
The essence of this chapter is published T. Bandi, X. Maeder, A. Dommann, H. 
Shea and A. Neels, Proc. SPIE, 2014 pp. 897509 (© 2014 Society of Photo Optical Instru-
mentation Engineers). 
A.1 Bending test geometry and simulation 
As mentioned in section 2.2, it is important to reproduce fabrication processes and 
specimen geometries of real devices as close as possible when evaluating the failure distri-
bution of test specimens such as simple beams. The length of the beams is less crucial be-
cause it can be accounted for by analysis of the Weibull failure distribution. The probability 




















In (A.1) the exponent is integrated over the whole stressed surface. This is justified by the 
assumption that defects at the surface cause fracture; otherwise the integration may run over 
the stressed volume. The parameters σ, σ0, m and k denote the stress at a given position on 
the surface of the specimen, the characteristic yield strength, the shape parameter of the 
Weibull distribution and a proportionality factor which equals unity. The parameters σ0 and 
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m are the characteristic parameters of the failure distribution and depend on the material 
properties and defect distribution. If the sample length is varied this will increase the total 
loaded area but not change the defect distribution, and hence σ0 and m, because they do not 
vary along the length of the specimen if the cross-section is constant (as is the case for rec-
tangular cuboid dies).  
In [241] the non-linearity of three-point bending and four-point bending was analyzed by a 
spring model with rigid bodies and by finite element analysis. A reasonable correspondence 
between the experimental three-point bending and the FEA model was found, but the case 
of four-point bending has not been experimentally validated. Here the non-linear bending of 
the specimen was numerically simulated by considering the large deflection of a slender 
Euler-Bernoulli beam. In the bent beam the outer exposed side is under tensile strain, the 
inner side is under compression and the neutral centerline is stress-free. The stress increases 
linearly with the distance from the centerline, and hence thicker specimens are under higher 
stresses at a given beam curvature than thin specimens. The coordinate system is chosen 
such that the unconstrained beam is parallel to the x-axis and during the test it is deflected in 
the y-direction. In all cases the positions of the pins along the x-axis is equidistant. Non-
linear four point bending has been investigated previously in [242], [243]. The bending of 
the beams in the three-point bending is given by the following second order differential 
equation [244]:  
 








































The parameters E, I, F, x, y, θ and μ are the Young’s modulus, second moment of inertia, the 
force acting on the outer pins normal to the beam, the x and y coordinate of a point on the 
beam centerline, the contact angle of the beam with the outer pins and the static friction 
coefficient between the pins and the beam, respectively. Equation (A.2) was numerical 
solved using a Runge-Kutta approach similar to the technique proposed in [242] for four-
point bending: The integration was made starting from the outer pins towards the center of 
the beam. It was limited to one half or the beam profile due to the symmetry of the profile. 
For a given contact angle θ an initial guess was made for F and then (A.2) was solved step-
wise using the Runge-Kutta algorithm [245]. At the apex of the beam profile its gradient 
needed to vanish. If this condition was not fulfilled, the force F was adjusted and the process 
iterated until convergence was achieved. In the four-point bending a similar expression for 
the bending moment M applies but the two zones between the outer and the inner pins and 
between the inner pins and the center need to be treated separately [242].  
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The size of the pins exerting the bending force on the specimens was non-negligible in com-
parison to the specimen size and because large bending angles were encountered during the 
tests, the model was extended to account for the effect of the pins on the profile of the bent 
beam. This was simply achieved by calculating the contact point on the pins as a function of 
the contact angle. In Figure A.2 left, the profile of the beam for various deflections in the 
case of four-point bending is shown. The round points show the position of the pins which 
enforce the bending of the beam. The right graph in Figure A.2 shows the inverse curvature 
radius along the bent beam.  
The profile and curvature of the beam depend on the static friction coefficient μ between the 
beam and the pins. Therefore the 3-point and 4-point bending tests also yield information on 
this parameter. Based on the simulations the experimentally accessible force of the beam on 
the pins parallel to the y-axis was calculated. 
 
Figure A.1: Superposition of a bent beam and the theoretical beam profile according to equation (A.2). The 
force sensor is attached to the inner pins while the outer pins are displaced by the stepping motor. The units 
of the x and y axis is meters. 
 
Figure A.2: (Left) Profile of a non-linearly bent Euler-Bernoulli beam for various deflection states. The 
round dots show the position of the pins. (Right) The inverse curvature radius along the beams. The curvature 
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Figure A.1 shows a comparison of the profile of a bent beam with the profile obtained by 
solving the 4-point bending equation equivalent to (A.2) [242]. The calculated bending line 
(red) was uniformly scaled and superposed over the experimental image and an excellent 
agreement was found. 
A.2 Experimental setup 
As mentioned above, the experimental setup was based on the instrument presented 
in [11], where the instrument is described in detail. The two chucks which enforced the 
bending of the beam were mounted on a stepping motor and a force sensor, respectively. The 
motor was moved at a speed of 10 μm/s. The pins were made from aluminum and had a 
radius of 0.5 mm to avoid sharp contacts. To qualify the experimental setup single-crystal 
silicon beams fabricated by deep-reactive ion etching with a cross-section of 50x50 μm2 and 
50 mm length were used. The same specimens were used in 2-point bending in [11], so the 
dimensions, surface state and failure distribution were well characterized. The characteristic 
yield strength and the shape parameter of the 2-parameter Weibull distribution were 4 GPa 
and 2.62, respectively. The etched sidewalls were oriented perpendicular to the bending di-
rection (i.e. out of the image plane in Figure A.1). 
During the experiment the displacement of the stepping motor was recorded together with 
the force P acting on the pins normal to the direction of motion of the pins (y-axis in Figure 
A.2). For comparing the experiments of specimens with different sizes the force was nor-
malized with regards to the distance a between the outer pins, the elasticity of the beams and 
their second moment of inertia EIPa /2 2 . 
A.3 Results and discussion 
Figure A.3 shows the experimental results obtained in three-point bending (Figure 
A.3, left) and four-point bending (Figure A.3, right). The maximum strain to which the spec-
imens were exposed in the two tests was around 1 GPa in both tests. Therefore the specimens 
did not break even at the highest deflections. This allowed measuring the bending parameters 
of the specimens in the full experimentally accessible range. In the linear-bending regime 
where the experimental data overlaps with the dotted line (linear theory) the repeatability of 
the data was best. At higher deflections the variations of the data increased, which was at-
tributed to a stepped slipping motion of the beam along the pins. 
The experimental data showed a very good agreement with the model with static fiction 
coefficients of 0.19 and 0.22 for the four-point bending and the three-point bending, respec-
tively. The small variation between the two values was presumably due to variations of the 
surface finish of the aluminum pins. For comparison, the theoretical curves for various val-
ues of the friction coefficient (dashed lines). The dash-dotted line shows the simulated result 
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under neglect of the pins (radius equal to zero). The significant disagreement between this 
model and the experimental data shows the importance of incorporating the pins in the 
model.  
The results obtained show that the instrumental setup for three-point bending and four-point 
bending provides valuable insights on the mechanical properties and failure distribution of 
microfabricated specimens under bending loads. By adapting the size of the chucks different 
stress ranges can be accessed. To exemplify this, Figure A.4 shows the experimentally ac-
cessible stress ranges for a sample with a thickness of 100 μm. By selecting the appropriate 
test geometry the mechanical stability of specimens with widely varying yield strengths can 
be evaluated. 
A.4 Conclusions 
The development progress of a micromechanical test bench for the reliability as-
sessment of microstructures was reported. The instrument induces a displacement-controlled 
deformation in 4-point, 3-point and 2-point bending. The mechanical test setup allows re-
producing the strain conditions and sample properties such as surface-to-volume ratio and 
loaded-surface-to-edge radio as well as the fabrication processes as close as possible. In ad-
dition, tensile testing geometries and custom-made chucks for testing of specific specimen 
geometries are available [11]. The instrumental test setup allows quantifying the failure dis-
tribution in test structures and functional devices with yield strengths in the full range be-
tween 0 and 10 GPa. In addition, in-situ testing in combination with high-resolution x-ray 
diffraction measurements can be used to investigate strain distributions and defects in crys-
talline specimens [11]. 
 
Figure A.3: Force versus pin-displacement for the three-point bending (Left) and four-point bending (right). 
The distance between the outer pins was 10 mm in both cases. Three measurements with three different sam-
ples are shown in both graphs. The dotted line represents the linear theory, the dashed line shows the results 























Linear theory μ = 0.45; Pins neglected
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By quantifying the yield strength distributions these methods allow optimizing fabrication 
and die separation processes. The safety margins of structure geometries and of dicing lines 
may be reduced which can lead to significantly higher number of devices per wafer, most 
importantly for small dies with surfaces of below one square-millimeter. Further results on 
the qualification of laser processes for chip separation using HRXRD combined with micro-




Figure A.4: Comparison of the experimentally accessible stresses in a 100 μm thick specimen. The values of 
L denote the distance between the outer pins.  
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